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Introduction
Short bunches represents a very important issue for modern accelerators, es-
pecially for colliders and coherent synchrotron radiation (CSR) sources. In
colliders the bunch length can limit the possibility to reach high luminosity,
mainly because of the ”hourglass effect”. For CSR sources bunch length can
put strong limitations on the stable emission of coherent radiation. Further-
more, at a given bunch length, both luminosity and power radiated under
coherent emission depend on the second power of the number of particles
stored in a bunch. Since this number depends strongly on bunch length, the
advantages offered by a short bunch can become useless if it is not possible
to store large amounts of particles in each bunch. The principle of the strong
RF focusing (SRFF) is a way to obtain short bunches in storage rings. In all
the present storage rings the bunch has the same length along the ring, while
in the regime of SRFF bunch length changes along the ring. This represents
a great advantage because one can have a very short bunch only at a given
position along the ring, preserving the possibility to store great currents. Un-
til now, the principle of bunch length modulation was known only from the
optical point of view, i.e. without considering the effects that limit the maxi-
mum current steadily storable. This thesis presents the study of the relation
between bunch length and stored current in a regime of bunch length modu-
lation. The main tool for this study was a C simulation program (SPIDER:
Simulation Program for Impedances Distributed along Electron Rings) that
I wrote just for this purpose: the program allows to consider the effect of the
impedance of a specific structure of the machine on longitudinal bunch distri-
bution in the structure itself. This program is able to simulate the behaviour
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of bunch length in the present DAΦNE configuration. At the moment it is
the only program available to study the effect of longitudinal bunch stability
in a regime of bunch length modulation.
This thesis is organized as follows. In the first chapter the physical in-
terest of a Φ-factory is presented. In particular, since SRFF is a method to
increase the luminosity at colliders, the advantages for physics to upgrade
the DAΦNE luminosity, are shown. In the second chapter the present status
of DAΦNE lattice is presented by pointing out the advantages of a double
anular structure and the accelerator physics problems that this characteris-
tics allows to overcome. In the following two chapters the problem of the
coherent instabilities is analysed in the DAΦNE case. More specifically, in
the third chapter, the interaction of the beam with the vacuum chamber is
considered: the effects of the machine impedance on multi and single bunch
dynamics is presented; furthermore some bunch profiles, obtained by streak
camera measurement at different currents, are reported. In the fourth chap-
ter, the effects of CSR emission on beam dynamics are discussed, underlining
where this effect is relevant in the DAΦNE lattice.
In the fifth chapter the principle of SRFF is presented by comparing
advantages and drawbacks of lattices with bunch length modulation; in par-
ticular it is described the possibility to test the idea of SRFF at DAΦNE,
realizing different lattices, providing the possibility to analyse different as-
pects and properties of this new regime. In the sixth chapter the SPIDER
program is presented and a comparison with DAΦNE experimental data is
performed. Finally, in the last chapter, there are the results of the simula-
tions made by the application of SPIDER to three specific lattices.
Chapter 1
Physics at DAΦNE
1.1 Importance of a Φ−factory
The use of particle colliders to study the fundamental interactions is develop-
ping along two different lines: on one side there is the continous technological
and economical effort to build colliders able to reach higher and higher en-
ergies in the mass center frame (e.g. LHC and ILC); on the other side there
is the extent to realize experiments at intermediate energies whose feature
is the great precision. The latter goal can be achieved by producing a lot
of particles whose decays are physically interesting, such as Φ (1 GeV), J/Ψ
(τ/charm 4 GeV) or Υ (beauty, 11 GeV) that can be used to study CP
violation or rare forms of decay. A high statistical precision requires col-
liders working in a regime of great luminosity. Due to the great number of
particles produced, these machines are called ”factories”. The particle ac-
celerator DAΦNE (Double Anular Φ factory for Nice Experiments) at the
LABORATORI NAZIONALI DI FRASCATI(LNF) is an electron-positron
collider working, as it is suggested by the name, as a Φ−factory.
The Φ(1020) particle is a mesonic resonance, with mass m = 1019.456±
0.02MeV and full width Γ = 4.26 ± 0.05MeV, which decays mainly in the
following channels:
• K+K− with B.R.= 49.1± 0.6%;
1
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• K0LK0S with B.R.= 34.0± 0.5%;
• ρpi with B.R.= 15.4± 0.5%;
• ηγ with B.R.= 1.295± 0.025%.
Φ branching ratios suggest that a Φ factory allows to study the physics of the
kaon. In effect, if one considers that (at peak energy) one has about 106K0LK
0
S
and 1.5 · 106K+K− for each delivered pb−1, one can understand that it is
possible to reach high statistics in terms of kaon production: as a consequence
there is the possibility to obtain precise measurements of quantities related
to CP violation. It is important to underline the following aspects of a
Φ−factory:
• due to the quantum characteristics of the Φ resonance, the pairK0LK0S is
produced in the pure quantum state JPC = 1−− and since kaon lifetimes
are not too short, there is the unique opportunity to study the evolution
of the entangled kaons. This evolution is sensitive to different aspects
of the underlying physics, including decoherence phenomena possibly
induced by CPT violation (the most promising effect to point out the
Quantum Theory of the Gravity (QG) in terrestrial experiments) [4];
• Φ are produced at rest, so the energy of the kaon pair is well de-
fined: in particular Φ decays represent an exceptional source of almost
monochromatic, tagged K0S particles, allowing for detailed studies of
their more rare decays. In effect when a φ meson decays into two neu-
tral kaons, C-parity invariance forces the two kaons to be in a K0LK
0
S
state: therefore the observation of a K0S tags the presence of the K
0
L
in the opposite hemisphere, as well as K0S decays can be selected by
observing the K0L on the other side. For this reason a Φ−factory is the
best place to study the properties of the K0S;
• in contrast with kaons produced by scattering on a target, K parti-
cles coming from a Φ−decay allow to measure directly the absolute
branching ratios;
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• a Φ−factory with a great luminosity is also useful to study the prop-
erties of η’s, even if the statistics is lower than in a hadronic source;
however, also in this case, the known kinematic of the two body pro-
cess producing η particles, allows its identification with great precision:
indeed it is sufficient to detect a photon with a well precise energy.
1.2 KLOE experiment
The KLOE (KLOngExperiment)[1] is one of the experiments installed on
DAΦNE (other experiments are FINUDA [2], studying hypernuclei obtained
by kaon scattering on a target, and DEAR [3], devoted to studies of exotic
atoms). KLOE detector, designed with the primary goal of measuring ′/
with a sensitivity of the order of one part in ten thousand, is also particularly
well suited to perform studies on all charged and neutral decays of the KS0
meson.
It consists of a large tracking chamber, a hermetic electromagnetic calorime-
ter; a large magnet surrounds the whole detector and consists of a supercon-
ducting coil and an iron yoke.
The KLOE detector has collected data in the following periods:
• in 1999, using a pilot run;
• in 2000, when the first physics results were obtained with an integrated
luminosity of 20 pb−1 (the peak luminosity was 0.2 ·1032cm−2sec−1 and
the beam mean lifetime was in the range of 30-40 minutes);
• in 2001 and 2002 with a total integrated luminosity of 450 pb−1 (the
peak luminosity was 0.5 ·1032cm−2sec−1 and 0.8 ·1032cm−2sec−1 respec-
tively and the beam mean lifetime was in the range of 30-40 minutes);
• from 2004 to 2005 when data were collected with an integrated lumi-
nosity of 250 pb−1 at an energy of about 1 GeV and at the Φ resonance
energy with an integrated luminosity of 2000 pb−1 (the peak luminosity
was 1.3 ·1032cm−2sec−1 in 2004 and 1.5 ·1032cm−2sec−1 in 2005 and the
beam mean lifetime was in the range of 40-60 minutes).
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Figure 1.1: integrated luminosity delivered to KLOE experiment by DAΦNE
The KLOE experiment used the collected data:
• to study the main decays of K0L and K±, to measure Vus[5], an element
of the CKM matrix;
• to measure K0S rare and semi-rare decays with precisions for the BR
up to 10−7 [6];
• to measure the adronic cross section, including radiative loops, at an
energy inferior to 1020 MeV. This provides a fundamental information
for the study of the muon (g − 2) factor;
• to study the production of scalar and pseudoscalar mesons (a0, f0) in
Φ radiative decays.
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1.3 Physics at DAΦNE with an implemented
luminosity
An improvement of the luminosity at DAΦNE, is necessary to increase the
precision of all the physical quantities measurable in a Φ−factory. In partic-
ular high luminosity is essential for the program of the KLOE2 experiment,
that expects to take data in a running period of 3-4 years with an integrated
luminosity of the order of 50 fb−1 at the φ peak. To reach this goal DAΦNE
is expected to run with a mean luminosity of about 1.4 · 1033 cm−2sec−1.
1.3.1 Electroweak measurements
It is likely that new physics at the TeV scale will reflect on the effective
couplings of the weak interaction processes: it could happen that electroweak
universality in its strongest form remains valid or that there is no lepton
universality, the CKM matrix is not unitary and q¯iqjW couplings are not
simply related to lepton-W couplings. At present the sum of the first row of
the CKM matrix comes out as:
|Vud|2 + |Vus|2 + |Vub|2 = 0.9997± 0.0013 (1.1)
where the value of Vus (|Vus| = 0.2258± 0.0019) is largely dominated by the
KLOE results on neutral and charged kaon semileptonic decays and lifetimes,
i.e.:
|Vus| · f = 0.2170± 0.0005 (1.2)
where f = 0.961± 0.008 is the kaon form factor obtained by a lattice QCD
calculation. Recently, lattice QCD made fantastic progress in computing
hadronic corrections to the matrix elements of the weak current operator
between hadrons: if the form factors will be known with a greater accuracy,
in a few years it will be necessary to measure semileptonic decay rates and
lifetimes with a precision of better than 0.1%. These precision measurements
are possible at KLOE2, since with 50 fb−1 one can deal with as many as 5·1010
K0LK
0
S and 7.5 · 1010 K+K− pairs, that can give excellent results thanks to
the clean environment.
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Chiral perturbation Theory χPT allows the treatment of non pertur-
bative phenomena in low energy QCD. χPT calculations require at each
level the introduction of new parameters which must be experimentally de-
termined from the measurement of K, pi and η decays. Significant contribu-
tions to this field can be provided looking at rare K0S and η decays. Assuming
the typical detection efficiency of KLOE (10%), statistical samples as rich
as 108 events/fb−1 could be analysed, competing with hadron machines for
precision measurements of leptonic, semileptonic and hadronic decays with
B.R.> 10−9. Rare KS and η decays provide useful information also on con-
servation of fundamental symmetries in weak, strong and electromagnetic
interactions. As an example, it is interesting to look at the K0 case:
• The CP-violating transition KS → 3pi0 has a branching ratio that is
expected to be about 2 · 10−9 but, at present, the best upper limit on
this branching ratio is given by KLOE (1.2 · 10−7), on the basis of the
analysis of about 400 pb−1. A data sample provided by ≥ 50 fb−1
should allow the first observation of this decay mode.
• The study of KL,S → pi0l+l− is extremely useful to clarify the mecha-
nism of quark flavour mixing and CP-violation, both within and beyond
SM. In order to have information about the CP violating component
of the KL amplitude, it is necessary to determine the size of the CP
conserving transition KS → pi0l+l−. The NA48 collaboration has re-
cently announced the first observation of the KS → pi0l+l− transitions
in the electron and muon channel based with a statistics of 6-7 events,
respectively. Simulation tests show that, with an integrated luminosity
of about 50 fb−1, KLOE2 detector could observe 10 similar events.
• The channel KS → pieν has a B.R. known with a precision of 1.3 %
based on an integrated luminosity of 400 pb−1: with an integrated
luminosity of 50 fb−1 this measurement can be improved by a factor
of 3. Considering that the KS lifetime is known with an accuracy of
0.1%, from such an improved measurement one can obtain a better
determination of Vus.
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• the channel KS → piµν is harder to observe because pi/µ separation
is more difficult than pi/e separation. At present KLOE has shown
positive evidence of the signal and by increasing luminosity the B.R.
can be determined with a precision of 0.4 %.
1.3.2 Quantum entanglement
As reported in the first paragraph DAΦNE offers the possibility to study
quantum entanglement of the kaon pairs. According to quantum mechanics
one can obtain the ∆t = t2 − t1 distribution I(f1, f2; ∆t) of the difference
in the proper time of the decays in the final states f1 and f2, containing an
interference term for the characteristic quantum correlation defined first by
Einstein, Podolsky and Rosen. The direct CP violation parameter ′/ can
be measured with the choice f1 = pi
+pi− and f2 = 2pi0, while in the case
these states are pi−l+ν and pi+l−νˆ one can derive information about CPT
violation. One of the most direct way to search for deviations from quantum
mechanics is to introduce a factor (1− ζ), multiplying the interference term
present in the distribution I(f1, f2; ∆t), where ζ is a decoherence parameter.
If ζ = 0 one has the standard Quantum Mechanics, while for ζ = 1 one
has a decoherence mechanism: decoherence is the time evolution of a pure
state into an incoherent mixture of states. Decoherence can be induced by
quantum gravity effects: Hawking’s theory about evaporation of black holes
could transform pure states near the event horizon of black holes into mixed
states. At a microscopic level, at the Planck scale, topology fluctuations
might induce a pure state to evolve into a mixed one, leading to a decoherence
mechanism. From the channel φ → KSKL → pi+pi−pi+pi− KLOE measured
ζKSKL = (4.3±3.8) ·10−2; KLOE2 could give a better precision with an error
±0.2 · 10−2 with an integrated luminosity of 50 fb−1.
1.3.3 η and η′ physics
The η mesons ,having a mass similar to kaons, allows a comparison of the
same decay modes as for KL in the isospin singlet state. Due to weak KL−η
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mixing, understanding the η decay mechanism is a prerequisite to calculate
standard model contributions to rare kaon decays such as KL → pi0e+e−.
CP violation in the flavor conserving processes can be tested for η’s in the
same decays channels as for KL: η → pipi, η → pi0e+e−, and in the angular
asymmetry between the pi+pi− and e+e− decay planes in the η → pi+pi−e+e−
decay. Most of complications in treating η physics in the chiral perturbation
theory are due to the mixing of the η and η′. Due to η′ large mass, light vector
and scalar mesons can be produced in its decays. Vector mesons coupling is
studied in the radiative decay modes, η′ → ργ and η′ → ωγ. Contributions
from light scalar mesons σ, a0, f0 should play a significant role in the decays
into ηpipi and pipipi.
In the standard chiral perturbation theory η, and especially η ′, were
treated as a nuisance that had to be handled artificially. Improvement of
the theory ,e.g. by incorporating the vector meson dominance model, stim-
ulated by the need for precise calculations of kaon and η decays, provided
tools to include the η′ into the framework in an elegant and consistent way
and to perform reliable calculations for these processes.
At the φ resonance, with integrated luminosity of 50 fb−1, KLOE2 will
collect 2 · 109 η and 107η′. A complementary way to study the η′ decays is to
use the η′ production through γγ, that is the process e+e− → e+e−η′. At an
energy of 2.5 GeV one expects 2 · 105η′ per fb−1 corresponding to 105ηpi+pi−,
5 · 104ηpi0pi0 and few hundreds 3pi events. Small angle electron and positron
tagging is very important, allowing the kinematic closure: in this situation
the background condition is more favourable with respect to the case of φ
radiative decays.
Chapter 2
DAΦNE DESCRIPTION
2.1 Double anular structure
The luminosity of an electron positron collider is:
L = f
N+N−
A
, (2.1)
where N+ and N− are the number of electrons and positrons in a single
bunch, f is the collision frequency and A is the area of overlapping of the
beams. In the case of gaussian bunches A can be written as A = 4piσxσy,
where σx and σy are the root mean squares of the bunch. To reach a high
luminosity, one of the main challenges is the beam-beam interaction, which
strongly perturbes the beam dynamics and is more critical in colliders work-
ing at low energies. The coulombian force of the beam-beam interaction
introduces non linear effects on the particle motion, with the peculiarity that
far from the bunch edges the force is linear and can be interpreted like a
focusing force.As a consequence beam-beam interaction causes a tune-shift
given by:
ξx,y =
reNβx,y
2piγσx,y(σx + σy)
, (2.2)
where re is the electron classical radius, β is the betatron function at the
interaction point, N is the number of particles stored in the bunches and γ
is the usual relativistic factor. The luminosity can be written in terms of the
9
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horizontal or vertical beam-beam tune shift. In terms of ξy the luminosity
has the form:
L = hfrev
Nγξy
2reβy
(1 +
σy
σx
), (2.3)
where h is the number of the bunches in the beam and frev is the revolution
frequency. An equal tune-shift in both the planes is obtained when [12]:
βy
βx
=
σy
σx
≡ k ≤ 1 , (2.4)
and therefore
ξx,y = ξ =
reNk
2piγ(σx + σy)
. (2.5)
In this condition Eq. (2.3) becomes:
L = hfrevN(
γ
2re
)
ξ
βy
(1 + k) = hfrevpiγ
2ξ2(σx + σy)
1 + k
r2eβy
(2.6)
where it was also used:
N = 2piγ(σx + σy)
ξ
re
. (2.7)
Numerical simulations and experimental evidences have shown that, be-
cause of instability problems, the tune shift ξx,y can’t be arbitrary great;
therefore, the luminosity and the number of particles stored in a bunch are
limited by ξ0, the maximum tolerable value of ξ.
By analysing Eq.(2.6), several important considerations can be derived.
First, with respect to the coupling factor k, the luminosity is maximum in
the case of round beam (k = 1): this can be obtained by a strong focusing in
both planes. However, if the force of the quadrupolar magnets is great, the
natural chromaticity has to be corrected with sextupolar magnets inducing
great non-linear effects [12].
Second, the luminosity is inversely proportional to one of the two beta-
tron functions at the interaction point: this explains the standard ”low β”
technique at the interaction point, obtained by a quadrupolar focusing. How-
ever there are two limits in this technique. In fact, since in the interaction
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regions there are the experimental detectors, the focusing quadrupoles can-
not be too near each other and therefore to have a low β their force must be
great. Furthermore, the β function at the interaction point has to be greater
than bunch length because otherwise the particles interact in points where
β is so great that tune shift overcomes the ξ0 value. This latter phenomenon
may occur because Eq. (2.3) does not take into account the so-called ”hour-
glass effect” (the betatron function has a parabolic trend near the interaction
point). In fact, if s is the distance from the interaction point, the transverse
dimensions of the bunch evolve according to the equation:
σ2x,y
σˆ2x,y
= 1 +
s2
βˆ2x,y
, (2.8)
where the quantities with the hat are referred at the interaction point. Be-
cause of the ”hourglass effect”, the luminosity is reduced according to the
Rh factor:
Rh =
LH
L
=
∫ +∞
−∞
du√
pi
e−u
2√
1 + Σ
2
zu
2
βˆ2x
√
1 + Σ
2
zu
2
βˆ2y
≤ 1 (2.9)
where LH is the luminosity taking into account the ”hourglass effect”, Σ
2
z is
the sum of the second power of the two bunch lengths and u is a dummy
integration variable proportional to s. Eq. (2.9) shows that, to maximize
the luminosity, the factor Rh must value ∼ 1: this is possible if the factors
multiplying the gaussian in the integrand can be neglected, i.e. if bunch is
shorter than both the betatron functions.
A third consideration: Eq. 2.6 shows that a high luminosity would require
a lots of bunches. Anyway, a great number of bunches causes:
• a large number of interaction points;
• undesired interaction points (the so-called parasitic interaction points)
and, as a consequence, an increase of the beam-beam tune shift possibly
above ξ0.
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All these considerations represent a guide line to understand the advan-
tages of the DAΦNE structure.
Peculiarity of DAΦNE are the two storage rings in the same horizontal
plane matching with an angle θ in two low β (10 m long) interaction regions
(IR). The experiment KLOE is located in the interaction region IR1 while
the experiments DEAR and FINUDA are alternatively in the region IR2.
Since it is difficult to have a high luminosity at both the IR’s at the same
time, beams interact only in one interaction point, while in the other the
beams are separated vertically.
Figure 2.1: Layout of the DAΦNE main storage rings
The two rings solution allows to overcome the problem of the parasitic
interaction points and so to store many bunches (up to 120): the beam-
beam interaction is limited to only one point per revolution. The matching
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angle of the two rings is not arbitrary. In fact, in this collision geometry, the
luminosity is reduced because the collision is no longer head-on. If σy  σx
and bunch length σL much smaller than the vertical β at the interaction
point, the luminosity is geometrically modified by a factor
RP = [1 + (
σL
σx
tan θ)2]−1/2 . (2.10)
Furthermore, the angle betwen the rings can induce synchro-betatron reso-
nances if the Piwinski relation [8]
θx,yσL < σx,y (2.11)
is not verified.
To better control this relation, considering that in DAΦNE the crossing
angle is horizontal, it was chosen a flat beam with horizontal dimension 100
times greater than the vertical one. This choice has the advantage that the
low β technique requires a focusing only in one plane. The Piwinski angle φ
was chosen as:
φ ≡ θσL
σx
∼ 0.42, (2.12)
corresponding with a 15 mrad intersection angle.
In these conditions one has:
σ2L
β′2x
∼ (0.01)2  1 and σ2L
β′2y
∼ 1 and therefore
the reduction factor Rh (hourglass effect) ranges from 0.93 to 0.83, depending
on the peak current.
2.2 DAΦNE main rings
DAΦNE rings are 97.69 m long and in each of them it is possible to distin-
guish between a more external region called Long Section, where bunches
are injected, and an inner one, the Short Section, where there is a RF cavity
and a feedback system for multibunch instabilities. Both the sections are
divided in two arcs almost achromats (the dispersion and its derivative are
zero at the edges) and a straight section. The four sections are connected to
the interaction point through 4 splitter magnets (two adiacent dipoles with
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opposite magnet fields to divide the vacuum chamber of positrons and of
electrons); between the magnet and the arc there is a “Y′′ section.
In each achromatic arc there are two bending magnets with a bending
radius of 1.4 m: in the Short section the magnets are 0.9 m long; in the
Long section the magnets are 1.2 m long. Furthermore each arc houses two
sextupoles to correct chromaticity, three quadrupoles, two dipoles correctors,
two skew quadrupoles and a wiggler magnet with a maximum field of 1.8
T. The wigglers are necessary to double the power emitted by synchrotron
radiation (that is not large because of DAΦNE low energy), so decreasing the
damping time (∼ 100000 turns) and tuning the horizontal emittance. This
is important because, as it is shown in Eq. 2.6, luminosity is proportional to
the transverse bunch dimensions and, therefore, to the bunch emittance.
The main DAΦNE parameters are reported in Table 2.1.
2.3 DAΦNE injection system
The injection system consists of a Linac (60 m long), of an accumulator, (a
small intermediate storage ring necessary to damp bunch dimensions before
they are injected into the main rings), and of about 180 m of transfer lines
(from the linac to the accumulator and from this to the main ring). The
electron current is generated by a triod: it can reach up to 10 A at an energy
of 120 KeV. To produce positrons, electrons, after acceleration through five
sections up to 250 MeV, are focused by a quadrupolar system, and hit a
tungsten target: from the so generated electromagnetic shower, a dipolar
system selects positrons. Positron beam is then accelerated up to 550 MeV.
For electron beam, the tungsten target is removed and the electrons are
accelerated up to 800 MeV.
The positron current is about 36 mA, with an energy spread ∆E/E = 1%
and an emittance of 5 mm mrad; the electron current is 150 mA, with an
energy spread of 0.5% and an emittance of 1 mm mrad.
The Linac pulses are 10 nsec long and feed the accumulator at a rate of
50 Hz (i.e. equal to the inverse of the damping time of the ring).
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The DAΦNE Accumulator is quasi-octagonal ring of 32.5 m. Its lattice is
made of four almost achromatic arcs, each consisting of two 45 degrees sector
dipole magnets, a quadrupole triplet and two sextupoles to correct the ring
chromaticity.
The Accumulator has been included into the DAΦNE injection system
for the following reasons:
• With the design positron output current from the Linac and the DAΦNE
Main Rings longitudinal acceptance, injection of the full design current
into one of the two rings requires about 2 · 104 Linac pulses at 100%
efficiency. Due to its gaussian particle distribution, a small fraction
of the stored beam hits the septum, which separates the ring vacuum
vessel from the injection line at each injection pulse, and gets lost. In
order to avoid saturation, this fraction should be much smaller than
the amount of injected pulses. By injecting, as an example, 50 pulses
into the Accumulator, and then extracting and injecting into the Main
Rings, the tolerable fraction of lost particles drops to about 0.1.
• Since in an intermediate ring only a single bunch must be stored, it is
possible to run the Accumulator R.F. cavity at a sub-multiple frequency
of the Main Rings one, increasing the longitudinal acceptance (from 2.7
to 13.4ns) and therefore accepting the full charge in the Linac pulse,
which would be impossible in a direct transfer from the linac to the
main rings.
• After accumulating the desired current, injection into the Accumulator
can be stopped for a short time to allow the beam to damp down to its
equilibrium energy spread and emittance, which are typically two or-
ders of magnitude smaller than the corresponding Linac values. In this
way a high quality beam can be extracted from the Accumulator and
injected into the Main Rings. This avoids the necessity to design the
Main Rings lattice with a larger physical and dynamic acceptance, and
relaxes the requirements on the Main Rings magnets (with substantial
savings on the overall cost of the facility).
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Bunches reduce their emittance in the ring by circulating for a period
corresponding to five damping times. From the Accumulator Ring, through
two different transfer lines, electrons and positrons at the energy of 510 MeV,
are injected in the Main Rings in a top-up way (i.e. when the istantaneous
luminosity is less than the average one, a new injection is activated).
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Single beam energy 510 MeV
Momentum compaction 0.027
Revolution frequency 3.07 MHz
Time between collisions 2.7 nsec
Bunch spacing 0.81 m
RF cavity peak voltage(e−/e+) 0.12/0.18 MV
RF frequency 368.26 MHz
Number of bunches per ring 110
Particles per bunch 2− 3 · 1010
Beam currents (e−/e+) 1.4/1.3A
Bunch currents (e−/e+) 13/12mA
Peak luminosity 1.5 · 1032cm−2sec−1
Coupling factor 1.1%
Horizontal emittance 0.4 mm mrad
Vertical emittance 0.001 mm mrad
Horizontal beta function at crossing 2 m
Vertical beta function at crossing 1.8 cm
Horizontal beam-beam tune shift per crossing 0.026
Vertical beam-beam tune shift per crossing 0.025
Bunch length (rms)(e−/e+) 3/2 cm
Natural energy spread 4 · 10−4
Synchrotron radiation loss per turn 9.3 KeV
Horizontal betatron damping time 36 msec
Vertical betatron damping time 36 msec
Longitudinal damping time 17.9 msec
Injection energy 0.51 GeV
Total beam power 45 kW
Dipole beam power 21 kW
Wiggler beam power 24 kW
Ring impedanceZ/n (e−/e+) 1.1/0.6 Ω
Table 2.1: Parameters of the main DAΦNE storage rings fro the present peak
luminosity
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Figure 2.2: Layout of DAΦNE
Chapter 3
Coherent instabilities in
DAΦNE
3.1 Introduction
A bunch is a system of charged particles: this causes the so called ”col-
lective effects” that limit the intensity of stored current in an accelerator.
The bunches interact with the vacuum chamber elements and induce electro-
magnetic fields that may affect longitudinal and transverse beam dynamics
causing coherent instabilities. These fields are called ”wakefields” because,
in the ultra relativistic limit, they are left only behind the charge inducing
them. There are two ways to study coherent instabilities:
• in the time domain, using machine wake function;
• in the frequency domain, using machine impedance.
In literature there is no a unique definition of the wake function of a struc-
ture, so, to avoid confusion, it is necessary to give the definition used in the
following.
Let us consider a charge ql(zl, rl) travelling with constant speed v on
trajectories parallel to the axis s of a vacuum chamber with a longitudinal
position zl and transverse vector positions rl. The electromagnetic force
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acting on a trailing charge q(z, r), travelling with a time delay τ with respect
to the leading charge, can be obtained by solving the Maxwell equations
with the boundary conditions given by the structure in which the charges
are moving. The global effect of the vacuum chamber on the trailing charge
is obtained by integrating the longitudinal F‖ and the transverse F⊥ Lorentz
force along the considered structure:
U‖(r, rl; τ) ≡ −
∫
F‖(z, r, zl, rl; t)dz (3.1)
U⊥(r, rl; τ) ≡ −
∫
F⊥(z, r, zl, rl; t)dz (3.2)
where t = zl/v + τ . In the following longitudinal and transverse wake func-
tions will be defined, respectively, as [27]:
w‖(r, rl; τ) =
U‖(r, rl; τ)
qql
(3.3)
w⊥(r, rl; τ) =
U⊥(r, rl; τ)
qql
(3.4)
From a mathematic point of view the wake function is a Green function,
because it is the response of the structure to a Dirac delta charge pulse.
Therefore the wake function for a generic charge distribution (the so called
wake potentials) can be defined as the convolution between the wake function
and the charge distribution n(τ) [27]:
W‖(r; τ) ≡ 1
ql
∫ ∞
−∞
dτ ′n(τ ′)w‖(r; τ − τ ′) (3.5)
W⊥(r; τ) ≡ 1
ql
∫ ∞
−∞
dτ ′n(τ ′)w⊥(r; τ − τ ′) (3.6)
The impedance Z(ω) of a structure is defined as the Fourier transform of
the relative wake function.
For beam dynamics studies it is useful to distinguish the problems of beam
instabilities between short and long range wakefield (broad and narrow band
3.2. MULTI-BUNCH INSTABILITIES IN DAΦNE 21
impedance). When particles are affected only by the wake generated by the
other particles of the same bunch, one has a ”short range wake”. On the
contrary, when the electromagnetic fields created by a bunch are trapped
in a structure, they may affect the dynamics of another bunch or of itself
in the following turn: in this case one has ”long range wakefields”. As a
consequence, short range wakes decay quickly after they are excited, while
long range wakes ring in the structure for a long time. When one considers
only short range wakefields, one talks about single bunch dynamics; the
long range wakes are taken into account in the multi-bunch or multi-turn
dynamics.
3.2 Multi-bunch instabilities in DAΦNE
To achieve the maximum luminosity with a high total current, distributed
over a large number of bunches, coupled bunch instabilities make the basic
design choice very critical. The cures for the multi-bunch instabilities start
from the analysis of the coherent modes of M bunches (see Appendix B).
After one has classified the different modes, it is necessary either to avoid that
the impedances couple with the different modes or to damp the exponential
increase of the modes.
For this reason DAΦNE was designed so [32]:
• to minimize the number of vacuum chamber elements creating parasitic
high order modes (HOMs), that can drive the multibunch instability;
• to develop feedback systems, damping both the HOMs and the insta-
bilities.
For these reasons the vacuum chamber was designed as smooth as pos-
sible. As a consequence one chose long tapers, connecting vacuum chamber
components, just to avoid sharp discontinuities (causing high impedances).
Furthermore, the RF cavity was chosen with a rounded profile, that is op-
timum in order to keep the higher impedance HOM frequencies far away
from beam harmonics (so avoiding resonant enhancement of the parasitic
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power losses). HOM damping was obtained by opening five rectangular slots
onto the cavity surface and there connecting five rectangular wave guides.
These wave guides can convey out of the cavity the fields of the parasitic
modes in the TE10 wave guide dominant mode. Thanks to this, the parasitic
modes mode quality factors were reduced, on the average, by two orders of
magnitude.
Figure 3.1: Sketch of DAΦNE resonator
However the vacuum chamber design is not enough accurate to avoid all
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the multibunch coherent effects. The residual excitation of beam oscilla-
tions is damped in DAΦNE via time domain, i.e. through bunch by bunch
longitudinal feedback kicker system based on digital signal processors [9].
A transverse feedback system is also present to damp the resistive wall
instability and to control a large number of transverse coupled bunch modes.
The transverse feedback utilizes two button beam position monitors that
detect both the horizontal and vertical beam momenta. The correction signal
at the kicker is produced summing the pick up signals in proper proportion.
3.3 Longitudinal single bunch instability
The longitudinal short range wakes are responsible either of bunch length-
ening and of microwave instability. In the limit of low current, the bunch
reaches an equilibrium distribution that can be derived by the Vlasov equa-
tion (see Appendix C):
ψ =
1√
2piσδ
e−δ
2/2σ2δn(τ) , (3.7)
where n(τ) is the longitudinal beam shape, δ = (E − E0)/E0 is the energy
spread, E is the energy of the particle, E0 is the nominal energy and σδ is
the standard deviation of the energy spread. To derive n(τ), one has to solve
the equation:
n(τ) = A0 exp[− c
αcσ2δ
∫ τ
0
g(τ ′)dτ ′] (3.8)
where, αc is the momentum compaction, A0 is a normalization constant and
g(τ) is a function depending on the considered physical effects (see Appendix
C). It is important to note that the energy spread distribution is gaussian
independently of g(τ) expression, while the longitudinal distribution is gaus-
sian only in the ideal case when only synchrotron motion without wakefields
is considered (in this case g(τ) = ω2sτ/αcc, where ωs is synchrotron frequency
[12]). In presence of wakefields, longitudinal distribution is distorted from its
gaussian shape (”potential well distortion” or ”static distortion”), and can
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be found only numerically solving the trascendental equation:
n(τ) = A0 exp[− ω
2
sτ
2
2α2cσ
2
δ
+
e2L0
αcσ2δT0E0
∫ τ
0
dτ ′
∫ ∞
τ ′
dτ ′′n(τ ′′)w‖(τ
′′ − τ ′)] (3.9)
where T0 is the revolution frequency and L0 is the machine length. With an
inductive impedance there is no energy loss and the bunch maintains a sym-
metric shape; however it lengthens tending to a parabolic shape. With a re-
sistive impedance there is high energy loss, and, as a consequence, the bunch
has no longer a symmetric shape because the average value with respect to
τ is no longer centered at zero but at positive values near the maximum of
the RF voltage. When the impedance is capacitive the bunch shortens and
displaces the τ average value towards positive values.
The ”potential well distortion” neglects the possibility of instability. In
fact under the effect of wakefields, particles execute collective motions that
may grow exponentially under unfavorable conditions.
When the current overcomes the so called ”microwave threshold” [27], the
coeherent mode frequencies are affected by a frequency shift that is compara-
ble to synchrotron frequency ωs. Under this sort of mode mixing, also known
as ”turbulence”, bunch energy spread is not constant but increases with the
particle intensity. Bunch length increases as well, but it presents a continous
oscillation: when the current goes beyond a threshold value, bunch lengthens
up to a stable value that leads to a shortening causing a new lengthening, and
so on. This oscillation is shown in Fig. 3.2, where bunch length is reported
as a function of the number of turns along a ring in regime of microwave
instability.
A criterion to obtain the threshold current for microwave instability is
given by the Boussard formula [27]:
eIˆ|Z‖(n)/n|
2piE0αcσ2δ
≤ 1 (3.10)
where
Iˆ =
ceN√
2piσL
and n =
ω
ω0
(3.11)
with ω0 equal to 2pi times the revolution frequency.
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Figure 3.2: Bunch lenght as a function of the number of turns along a ring
in regime of microwave instability
In DAΦNE, the study of the longitudinal single bunch dynamics is very
important because, as it has been explained in the previous chapter, bunch
length influences the collider luminosity. In Tables 3.1 and 3.2 the impedance
of the main inductive elements for DAΦNE are reported, together with a
list of the main elements contributing to the power loss kl. DAΦNE rings
are among the ones with the lowest impedance of the world. However, the
nominal energy is low and, even if the impedance is not large, the machine
works above the microwave instability threshold.
The values of Table 3.1 and the Boussard criterion foresee that, at the
maximum voltage, the microwave threshold is about 1 mA per bunch, i.e.
well below the operating currents. Therefore, in DAΦNE case, an accurate
study about longitudinal single bunch dynamics is necessary. To study the
exact value of the bunch length and the strength of the instability as a
function of the stored current, an accurate analysis of the time domain is
needed using a ”turn by turn” simulation code. In fact, an analysis of the
frequency domain would require the use of broad-band models in which the
machine impedance is substituted by a simple model with a limited number
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Element Im ZL/n[Ω]
Tapers 0.156
Transverse feedback kickers 0.128
Scrapers 0.062
Bellows 0.024
Resistive wall 0.013
Beam position monitors 0.01
Vacuum pump screens 0.02
Injection port 0.0031
Antechamber slots 0.0005
Other inductive elements 0.1
Total 0.53
Table 3.1: List of the main inductive elements
of parameters extracted from experimental results or numerical simulations.
However the model parameters essentially depend on the bunch length. As
a consequence, in DAΦNE case, a time domain analysis is more accurate
than a frequency domain analysis because the bunch changes its length over
a wide range.
Simulation of the original DAΦNE design [32], predicted the bunch length-
ening confirmed by the subsequent measurements. It will be shown that also
the simulation program SPIDER (see Chapter 6) predicts the behaviour of
the DAΦNE bunch length. In order to appreciate the wakefield effects on the
bunch longitudinal distribution it may be useful to look at some streak cam-
era measurements [15] performed during a DAΦNE run. The measurements
were made for the positron ring with two different RF voltages, VRF = 110
kV and VRF = 250 kV. DAΦNE momentum compaction is about 0.02 but it
is possible to calculate its exact value in the two cases by using:
• the synchrotron frequencies obtained by a spectrum analysis of the
bunch;
• the natural lengths σL, obtained by a gaussian fit of the bunch profile
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Element kl[V/pC]
RF cavity 0.129
Third harmonic cavity 0.157
Longitudinal feedback kickers 0.120
Transverse feedback kickers 0.064
IR taper system 0.0026
Beam position monitors 0.01
Injection kickers 0.047
Scrapers 0.00007
Injection port 0.00004
Total 0.52
Table 3.2: List of the main elements contributing to power loss
at 0.5 mA (that is a very low current for DAΦNE case).
Furthermore the following relationships have been used:
σL =
cαcσδ
ωs
(3.12)
ωs = 2pi
√
αcc2pifRF
√
V 2RF − U20
E0L0
(3.13)
where fRF is the RF frequency and U0 is the energy radiated by the syn-
chronous particle(see chapter 6). In the two cases the momentum compaction
is: αc = 0.019 and αc = 0.022. In Figs. 3.3 and 3.4 the bunch profiles in the
two cases are reported for different currents.
These plots show the effect of the wake on bunch distribution: in par-
ticular it is worth noting the effect of the inductive part of the impedance
(causing bunch lengthening) and the resistive part effect (showing a displace-
ment of the τ average value). In chapter 6 the quantitative studies of these
effects will be reported.
Figs. 3.5 and 3.6 show the bunch distribution at the maximum current
with VRF =110 and 250 kV, respectively; the streak camera data are fitted
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Figure 3.3: Bunch profiles at different currents with VRF = 110 kV
by a gaussian function. It is possible to see that, for high currents, the
equilibrium bunch profile is no longer gaussian and the so called ”distribution
distortion” is present.
3.4 Transverse single bunch instability
In the transverse plane one may have an effect similar to the longitudinal
mode mixing. This phenomenon is called ”strong head tail instability” or
”transverse turbulence”. In order to estimate the average threshold current
(I0)th for the transverse mode mixing, an approximate formula is used; this
formula is valid for the mixing of the lowest two transverse modes (i.e. with
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Figure 3.4: Bunch profiles at different currents with VRF = 250 kV
the transverse mode numbers m equal to 0 and −1):
(I0)th =
4(E0/e)ωs∑
[Im(Z⊥)βy]
4
√
pi
3
σL (3.14)
where it can seen that the imaginary part of the transverse vacuum chamber
impedance Z⊥ must be summed up weighted by the betatron function at the
different locations. Considering different bunch length values, the instability
is avoided if the following condition holds:∑
[Im(Z⊥)βy] < 0.55MΩ (3.15)
This requirement is well fulfilled in DAΦNE and therefore transverse single
bunch instability is not a problem.
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Figure 3.5: Bunch profile at 19.2 mA with VRF = 110 kV fitted by a gaussian
function
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Figure 3.6: Bunch profile at 22 mA with VRF = 250 kV fitted by a gaussian
function
Chapter 4
Coherent Synchrotron
Radiation(CSR)
4.1 Introduction
When an electron is moving in a circular trajectory with radius ρ, it emits
radiation on harmonic frequencies of the angular frequency ω0. The total
power radiated by N particles, moving in the same orbit, with the same speed
and having instantaneous angular positions φs with respect to an arbitrary
azimuth taken as zero, is given by the weighted sum:
Ptot =
∑
n
|
N∑
s=1
einφs|2Pn (4.1)
where Pn is the power emitted in the n
th frequency harmonic [23]. If the
positions of the individual electrons are not random but characterized by a
normalized distribution function f(φ), the total power is given by:
Ptot =
∑
n
[N + (N2 −N)|
∫
f(φ)einφdφ|2]Pn (4.2)
The first term in the square bracket is independent on the electron distribu-
tion and it is proportional to the number of the particles. Usually, when one
talks about synchrotron radiation, one refers to this term: more precisely
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this term represents the ”incoherent synchrotron radiation” (ISR), because
it is produced by each particle of the bunch independently, i.e. incoherently.
On the contrary, the second term is proportional to the Fourier transform of
the longitudinal particle distribution and arises from an interference of the
electron electric fields: this is the so called ”coherent synchrotron radiation”
(CSR). It is necessary to underline two differences between incoherent and
coherent emission:
• ISR is proportional to N . On the contrary, for large N , CSR is propor-
tional to the second power of bunch charge: therefore CSR are great
sources of synchrotron radiation;
• ISR leads to an equilibrium beam shape in its longitudinal distribu-
tions. Coherent emission can cause instabilities.
4.2 Importance of the CSR in DAΦNE
According to what was said in the previous section, it is very important
to understand if the radiation emitted by a bunch is coherent or incoher-
ent. The ratio of the power emitted coherently Pcoh over the power emitted
incoherently Pinc is [23]:
Pcoh
Pinc
=
37/6
4pi
Γ(
2
3
)
N
γ4
ρ
σL
4/3
(4.3)
The value of this ratio is about 6.5 for a DAΦNE dipole (bending radius equal
to 1.4 m) and a bunch 3 cm long and containing 1011 particles. Eq. (4.3) is
without considering pipe shielding effect, i.e. is true in free space. When the
radiation wavelength is comparable to pipe transverse size, CSR properties
change substantially. When the walls are conducting, the induced charges
decrease the field created by the bunch and then the emitted radiation is
shielded. This phenomenon is stronger the closer are the induced charges:
therefore it depends on the vacuum chamber size. Pipe shielding effect can
be studied by simulating the effect of image charges as induced in two infinite
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parallel plates with an infinite conductivity [14]. In this model the parameter
that allows to understand if pipe shielding effect is important is given by:
Σ =
σL
2ρ∆3/2
(4.4)
where ρ is the bending radius, ∆ = h/ρ and h is pipe half height. The particle
energy lost approaches to zero when Σ increases beyond 0.2, whereas the pipe
contribution is negligible in the radiation process if Σ  1. In the case of a
DAΦNE dipole, the distance between the pipe plates is 53 mm: the resulting
Σ parameter is shown in Fig. 4.1. Some important considerations can be
made:
• pipe shielding effect is very important for DAΦNE bunch lengths, that
are in the range from the natural value (1.3 cm) to the nominal one (3
cm);
• as it is shown by the dashed line in Fig. 4.1, for a DAΦNE dipole pipe
shielding effect becomes negligible only for a bunch shorter than 1.5
mm.
Therefore, for the present DAΦNE configuration, Eq. (4.3) overestimates the
coherent emission contribution and one expects CSR effects be completely
negligible.
Considering pipe shielding effect, the ratio between coherent and inco-
herent power emitted can be valued by the approximated analytical formula
[24]:
Pcoh
Pinc
=
N
2γ4
(
ρ
σL
)4/3F (xth) (4.5)
where
F (xth) =
∫ xc
xth
dxx−1/3e−x , (4.6)
xth = (2pi
3ρσ2L)/(3h
3) and xc = [(3σLγ
3)/(2ρ)]2.
Fig. 4.2 shows the ratio between coherent and incoherent effects given
by Eq. (4.5) for a DAΦNE dipole in the case of a gaussian bunch with 1011
particles. It is interesting to note that this ratio is high for a short bunch.
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Figure 4.1: The parameter Σ for different bunch lengths for a DAΦNE dipole
For bunch lengths greater than 2.2 mm the ratio is smaller than 0.3 and
becomes about 10−17 for a 1 cm long bunch.
Anyway CSR can also be produced in wigglers; the ratio between the
power radiated in free space in a wiggler (Pw) and the one radiated in free
space in an arc of circle (Pd) is approximatively given by [25] [14]:
Pw
Pd
= 0.36
K2ρ2/3σ
4/3
L
σ2Lγ
2
(4.7)
where the wiggler parameter has been introduced:
K = (eBw)/(kwmc
2) ≈ 93.4Bw(T)2pi/kw(1/m) , (4.8)
with Bw the maximum magnetic field in the wiggler and kw the wiggler wave
number. For DAΦNE parameters one has:
Pw
Pd
=
0.3
σ
2/3
L
(4.9)
where σL is in mm. Therefore for bunch lengths that are greater than 1 mm,
CSR contribution in free space is dominated by dipole contribution. The
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Figure 4.2: Ratio between CSR and ISR power emitted for different bunch
lengths for a DAΦNE dipole
pipe shielding effect in wiggler case can be estimated by the condition [25]:
σLγs  h (4.10)
where γs ≡ γ2/(1 +K2/2). The previous condition suggests that in DAΦNE
pipe shielding effect in dipoles and wigglers is almost the same and therefore
the results obtained by Eq. (4.9) are true also considering pipe shielding
effect.
The wavelengths that characterize the coherent emission in free space are
given by the so called ”coherence condition” [24]:
λ ≥ σL (4.11)
Therefore, if bunch length were about 1.5 mm, one could have in DAΦNE
almost completely unshielded CSR at far-infrared frequencies.
In conclusion CSR does not affect longitudinal dynamics in the present
DAΦNE status. However, as it will be shown in chapter 5, CSR effects
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become important when exploiting the flexibility of the DAΦNE lattice to
reach a regime with bunches few mm long.
4.3 Free space CSR wakefield
The analytical formulas presented in the previous section are approximated
[14]. To calculate more precisely the CSR impact on DAΦNE beam dynamics
for short bunches, the CSR effects on longitudinal bunch stability can be
treated as the effect of a wakefield. In fact the energy change of each particle
in the bunch can be calculated as the convolution of CSR wake function
W˜ (z) and bunch distribution n(z):
dE(z)
dct
=
∫ ∞
−∞
dz′W˜ (z − z′)n(z′) (4.12)
The whole bunch energy dissipation (that is equal to the time during which
the bunch is in the magnet, times the power radiated) is given by:
∆E = L
∫ ∞
−∞
∫ ∞
−∞
dz′W˜ (z′ − z′′)n(z′)n(z′′)dz′′ (4.13)
where L is magnet length.
Many different models of CSR wakefields may be considered (with their
corrispondent application to the DAΦNE case). First of all it is important
to take into consideration the CSR wake function in free space for a generic
bunch distribution moving in an arc of circle (the so called steady state so-
lution). The wake function can be found starting from the Lienard-Wiechert
potentials. After a renormalization, neglecting only non-dissipative forces,
the CSR steady state wake function in the ultra relativistic limit can be
obtained [21]:
W˜fs(µ) =
−4
3
eγ4
ρ2
w(µ) (4.14)
where µ = 3γ3(z − z′)/(2ρ) and the function w(µ) has a complex expression
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[21] that can be usefully parametrized as follows [14]:
w(µ) =


1− 14
9
µ2 + . . . µ2  1 (a)
− 3
421/3
1
µ4/3
+ . . . µ2  1 (b)
1
2
µ = 0 (c)
0 µ < 0 (d)
In fact for reasonable machine parameters, w(µ) can be always replaced by
(b): for DAΦNE case, if the bunch is 1 mm long, one has
(
3σLγ
3
2ρ
)2 ∼ 1012  1 (4.15)
It is worth to note that CSR wakefield is completely different from the
usual wakefields due to the interaction of the beam with the vacuum chamber.
In fact, in the vacuum chamber case, one has energy change for the bunch
tail, while in CSR case one has energy change for the bunch head.
Thanks to the properties of the function w(µ), when µ approaches to zero
and infinity, Eq. (4.12) can be partially integrated:
dE(z)
dct
= − 2e
31/3ρ2/3
∫ z
−∞
dz′
1
(z − z′)1/3
dn(z′)
dz′
. (4.16)
In Eq. (4.16) the distribution derivative is the main characteristic of the
CSR wakefields causing the microbunching instability, as it will be better
explained in chapter 6.
For a gaussian distribution, Eq. (4.16) can be numerically integrated
obtaining the particle energy change in DAΦNE case; likewise through a
numerical computation, Eq. (4.13) gives the energy lost by the whole bunch.
It is relevant to point that in this chapter the energy is in eV if the lengths
are in meters and if they are multiplied by 1/(4pi0) = 1/(4pi8.859 · 10−12),
where 0 is the dielectric vacuum constant.
As a first application, Fig. 4.3 reports the energy loss of a particle in a
gaussian bunch with a population of 1011 particles and with lengths respec-
tively of 1 mm, 5 mm and 10 mm: the energy loss corresponds to the passage
through a DAΦNE dipole of the Long Sections (dipole length equal to 1.2
m).
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Figure 4.3: Energy loss of a particle for a DAΦNE dipole
4.4 Shielded CSR wakefield
As it was previously said, it is possible to consider quantitatively the pipe
shielding effect by the model of electrons moving on a circular orbit in the
horizontal midplane between two parallel plates located at y = ±h. Using
the method of image charges, the wake function can be obtained [14]:
Wpp(ξ) =
e
ρ2
∞∑
k=0
(−1)k[ 1
γ2
W1,k(ξ)−W2,k(ξ)] (4.17)
where k is a dummy integer variable,
W1,k(ξ) =
sin(2αk)− 2sk cos(2αk)
(sk − sin(2αk)/2)3 , (4.18)
W2,k(ξ) =
[s2k − sk sin(2αk)/2] sin(2αk)− sin2(2αk)[sin(2αk)/2− sk cos(2αk)]
(sk − sin(2αk)/2)3 ,
(4.19)
sk =
√
sin2(αk) + (kh/ρ)2 , (4.20)
ξ =
z − z′
2ρ
, (4.21)
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and the angle αk is determined as a function of ξ resulting from the retarda-
tion condition:
ξ = αk −
√
sin2(αk) + (kh/ρ)2 . (4.22)
It is worth to note that the term W1,k is suppressed by a factor 1/γ
2
with respect to W2,k and in many cases (including DAΦNE for any bunch
length) it can be completely neglected. The term with k = 0 in Eq. (4.17)
corresponds to the free space case of Eq. (4.14). Numerical tests for different
magnet parameters showed that the sum in Eq. (4.17) rapidly converges and
the terms for k > 30 can be totally neglected.
Also in this case, numerical computations give important results for DAΦNE
dipoles. Figs. 4.4 and 4.5 show the energy loss due to the free space steady
state wakefield and to the shielded wakefield for a particle in a bunch long
respectively 1 and 10 mm. In the 1 mm case, pipe shielding gives a negligible
contribution to the wakefield, while in the 10 mm case, the CSR wakefield is
almost completely shielded.
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Figure 4.4: Energy loss of a particle in a 1 mm long gaussian bunch for a
DAΦNE dipole: comparison between the free space steady state wakefield
contribution and the shielded steady state wakefield contribution
4.5. CSR IN DIPOLES 41
−40 −30 −20 −10 0 10 20 30 40−0.02
−0.01
0 
0.01 
0.02 
0.03 
0.04 
z (mm)
En
er
gy
 lo
ss
 (M
eV
)
Free space case
Shielded case
Gaussian bunch
Figure 4.5: Energy loss of a particle in a 10 mm long gaussian bunch for a
DAΦNE dipole: comparison between the free space steady state wakefield
contribution and the shielded steady state wakefield contribution
4.5 CSR in dipoles
All the considerations reported in the previous sections are exactly valid for
a bunch moving in a circle. However, in real accelerators, particles radiate
in bending magnets or wigglers i.e. in circular trajectories that have finite
length. Therefore to apply Eqs. (4.16) and (4.17) to a real dipole, it is
necessary to study the so called ”transient effects”. In fact, the CSR wake
function in a dipole reaches its steady state shape only after some distance
from the dipole entrance. In fact when the head of a bunch enters a dipole,
it suffers the radiation field of the bunch tail that is outside the dipole. This
effect is known as ”entrance transient” and it gives a wake function depending
on the coordinate of the bunch in the magnet: as a result, the wakefield effect
integrated in the whole dipole is lower than the steady state solution.
Likewise when a bunch lives the magnet, it suffers the CSR wakefield
of the bunch tail that is in the dipole: this leads to an ”exit transient”
giving an additional contribution to the CSR steady state solution. As a
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consequence, if one considers entrance transients, the steady state solution
can be a pessimistic evaluation but if one includes also exit transients the
results can be almost the same of the steady state. To study CSR in DAΦNE,
transient effects have to be estimated.
Considering the entrance effects, the energy lost by a particle in a dipole
in the ultra-relativistic limit is given by [22]:
dE
dct
(z, φ) = T1(z, φ) + T2(z, φ) (4.23)
where z is the coordinate with respect to the center of the bunch, φ is the az-
imuthal coordinate with respect to the magnet edge, T1(z, φ) is the dominant
term and T2(z, φ) is the entrance transient term. T1(z, φ) is given by:
T1(z, φ) = − 2e
3(ρ2)1/3
∫ z
z−zL
dz′
1
(z − z′)1/3
dn(z′)
dz′
, (4.24)
and it becomes the steady state solution if the slippage length zL = ρφ
3/24
approaches to ∞. The expression of T2(z, φ) is:
T2(z, φ) = − 2e
3(ρ2)1/3
[n(z − zL)− n(z − 4zL)]/z1/3L , (4.25)
and it approaches to zero if zL  σL.
For a particle that has gone out of the magnet and has a coordinate x
from the exit of the magnet the energy change is given by (exit transient):
dE
dct
(z, φ) = 4e[−n(z − ρφ
3
m(φm + 3x)/6)
ρφm + 2x
+
n(z −∆zmax)
ρψ + 2x
+
∫ z
z−∆zmax
dz′
1
ψ + 2x
dn(z′)
dz′
] (4.26)
where φm is the bending angle of the dipole, ∆zmax is the maximum value
of the distance between the electrons and ψ is the angular position of the
source electron with respect to the exit of the magnet. ψ is related to the
distance between the particles from the equation:
z − z′ = ρψ
3
24
ρψ + 4x
ρψ + x
(4.27)
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The ψ maximum value is φm; posing ψ equal to φm in the previous equation
the expression of ∆zmax can be derived:
∆zmax =
ρφ3m
24
ρφm + 4x
ρφm + x
. (4.28)
According to the previous equations, Figs. 4.6 and 4.7 report the energy loss
of a particle in a bunch with a length respectively equal to 1 and 10 mm:
the figures allow to compare the steady state wake and the wakes including
entrance and exit transients.
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Figure 4.6: Energy loss of a particle in a 1 mm long gaussian bunch for a
DAΦNE dipole in the steady state hypothesis and by considering transient
effects
4.6 CSR in wigglers
In the case of a wiggler the particles move on circular trajectories whose
radius changes sign several times; anyway, also if in this case wake function
is derived from Lienard-Wiechert formula, the result is completely different
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Figure 4.7: Energy loss of a particle in a 10 mm long gaussian bunch for a
DAΦNE dipole in the steady state hypothesis and by considering transient
effects
from the dipole case. The energy loss due to the ”free space steady state”
CSR wake function in a wiggler is given by [25]:
dE
dct
= ekw
∫ z
−∞
dz′D(zˆ − zˆ′, K, sˆ) ∂
∂z′
n(z′) (4.29)
with D, the wake function, is:
D(zˆ, K, sˆ) =
1
zˆ
− 2∆w −K
2B(∆w, sˆ)[sin ∆w cos sˆ + (1− cos ∆w) sin sˆ]
∆2w +K
2B2(∆w, zˆ)
(4.30)
where zˆ = γ2zkw, sˆ = kws,
B(∆w, sˆ) = (1−cos ∆w−∆w sin ∆w) cos sˆ+(∆w cos ∆w−sin ∆w) sin sˆ (4.31)
and ∆w is determined by the trascendental equation :
zˆ = ∆w
2
(1 + K
2
2
) + (∆w cos ∆w − sin ∆w) sin sˆ
+ K
2
4∆w
{[2(1− cos ∆w)−∆w sin ∆w](cos ∆w cos 2sˆ+ sin ∆w sin 2sˆ)− 2(1− cos ∆w)}
(4.32)
4.6. CSR IN WIGGLERS 45
The physical sense of the variable ∆w becomes transparent when it is
rewritten as ∆w = kw(s − s′), where s and s′ are the projections on the
undulator axis of the effective position of the reference particle and of the
retarded position of the back electron, respectively. This parameter can
be calculated numerically with the same method that is used for the angle
defined by Eq. (4.22). The expression of D is periodical with respect to the
position of the reference particle s along the undulator. The period of the
function D is equal to half of the undulator period pi/kw; this property will
result to be useful in chapter 6: in fact, the energy loss can be calculated by
the rate of the energy change averaged over the s coordinate:
dE¯
dct
= ekw
∫ z
−∞
dz′D¯(zˆ − zˆ′, K) ∂
∂z′
n(z′) (4.33)
with
D¯(zˆ, K) =
1
pi
∫ pi
0
dsˆD(zˆ, K, sˆ) (4.34)
Although this model neglects pipe shielding and transient effects it pro-
vides correct physical description of many practical situations. The pipe
shielding effect in wigglers is estimated in section 4.2. Entrance transient
effects can be neglected when [25]:
Lw  σLγ2s (4.35)
i.e. when wiggler length Lw is much greater than the typical formation length
of the radiation. If this conditions is not respected Eq. (4.29) is a pessimistic
approximation useful only for a quick estimation.
In Figs. 4.8 and 4.9 the energy loss of a particle in a gaussian bunch
due to free space steady state wakefield for a DAΦNE dipole and a DAΦNE
wiggler are reported. It can be noted that when bunch length decreases, the
wiggler contribution is similar to the one produced by a dipole.
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Figure 4.8: Energy loss of a particle in a 1 mm long gaussian bunch for a
DAΦNE dipole and a DAΦNE wiggler
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Figure 4.9: Energy loss of a particle in a 10 mm long gaussian bunch for a
DAΦNE dipole and a DAΦNE wiggler
Chapter 5
Bunch length modulation
In electron storage rings, very short bunches are an important factor of merit
for colliders and for synchrotron light sources. Due to the hourglass effect
(see chapter 2), in a collider the maximum luminosity depends on the bunch
shortness. In a synchrotron light source (see chapter 4)a short bunch is nec-
essary to generate coherent synchrotron radiation. However the instabilities
due to CSR and vacuum chamber wakefields pose stringent limits to the
maximum storable current for a given bunch length.
The strong RF focusing (SRFF) regime is a strategy to have a bunch
length of few millimeters with high currents. In such a regime bunch length
varies along the ring (”bunch length modulation” (BLM)).
Already during the last LEP runs, Hoffmans [18] made a proposal to
make a BLM experiment, but the priority was to dismantle LEP. Recently
in the framework of superfactories studies,the strong RF focusing regime
was proposed [17] to modulate the bunch length in order to obtain short
bunches in a limited zone of the ring. This may be particularly useful because
wakefield effects are dangerous only when the bunch is short: if the bunch
is short only in few regions (e.g. at the interaction point) one can keep the
beam dynamics below the instability threshold. To test the BLM principle
and its applications a dedicated experiment is proposed at DAΦNE [19].
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5.1 Bunch length modulation principle
In the limits of zero current, i.e. when the impedance effects can be neglected,
the only elements acting on the single bunch longitudinal phase space are the
RF cavity and the bending magnets. The effect of a RF cavity, with voltage
VRF and wavelength λRF , can be described , in the approximation of thin
lenses, by the focusing matrix:
MRF =
(
1 0
−U 1
)
where the parameter U ≡ 2pi
E0/e
VRF
λRF
is used. The effect of a zone with dipoles
from s1 to s2 can be described by the drifting matrix:
M(s2 − s1) =
(
1
∫ s2
s1
η(s′)
ρ(s′)
ds′
0 1
)
where η(s) is the dispersion function and ρ is the magnet bending radius.
With only one cavity placed at sRF , the one turn-matrix is the product of
the matrices of the RF cavity and of the drifting zones [17]:
M(s) = M(s− sRF )MRFM(sRF − s) . (5.1)
If the longitudinal drift functions are defined as:
R1(s) =
∫ sRF
s
η(s′)
ρ(s′)
ds′ and R2(s) =
∫ s
sRF
η(s′)
ρ(s′)
ds′ (5.2)
related to the momentum compaction by:
R1(s) +R2(s) = αcL0 , (5.3)
the transport matrix (Eq. (5.1)) becomes:
M(s) =
(
1− UR2(s) αcL0 − UR2(s)R1(s)
−U 1− UR1(s)
)
.
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This matrix can be written in the Twiss form
M(s) = cos(µ)I + sin(µ)
(
αL(s) βL(s)
−γL −αL(s)
)
with:
cosµ = 1− αcL0
2
U
βL(s) =
1
sinµ
(αcL0 −R1(s)R2(s)U) (5.4)
γL =
U
sin µ
.
Qs = µ/2pi is the synchrotron tune and it is defined by the momentum
compaction and the RF system. To have stable synchrotron oscillations [17]
it is necessary that | cosµ| ≤ 1, i.e.:
VRF ≤ 2
pi
λRF
αcL0
E0/e . (5.5)
Defining as the longitudinal emittance (L) the area of the ellipse of the
longitudinal phase space (invariant along the ring), the maximum longitu-
dinal displacement of a particle from the synchronous particle position is√
LβL(s) and it varies along the ring. The maximum normalized energy
spread is
√
LγL and it is constant because γL does not depend on s. This
means that the phase space ellipse along the ring changes the orientation
of its axis but it does not change its area and its height. If the considered
ellipse represents the bunch equilibrium ellipse, its height is the bunch en-
ergy spread and is constant along the ring. The bunch energy spread can be
calculated by the eigenvalues of the transport matrix taking into account the
ISR process as well [17]:
(
σE
E0
)2 =
γL
2
CL
γ5
L0α‖
∫
βL(s
′)
|ρ(s′)|ds
′ , (5.6)
where CL = 2.15 · 10−19m−2sec−1 and α‖ is the longitudinal damping decre-
ment defined as:
α‖ =
CαE
3
0
L0
(2I2 + I4) (5.7)
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with Cα = 2113.1m
2/(GeV3sec) and I2 and I4 the standard synchrotron
radiation integrals [12]. On the contrary the bunch length is given by
σL =
√
LβL(s) = (σE/E0)αcL0
√
1
2(1−cos µ)
− R2(s)
αcL0
(1− R2(s)
αcL0
) =
σL(0)
√
1− (1− cosµ) 2R2(s)
αcL0
(1− R2(s)
αcL0
)
(5.8)
and it varies along the ring because of the βL variations (due to αc, to the
behaviour of R1(s) and to the RF system parameters). In fact, in all the
present storage rings, the U parameter and the drift functions are so small
that βL → αcL0sin µ and does not depend on s. In this condition there is no
modulation of the bunch length and Eqs. (5.8) and (5.6) become the standard
ones [12].
Defining the modulation factor Fm as the ratio between the maximum
and the minimum bunch length (Fm = σLmax/σLmin), it can be shown [17]
that Fm increases with the voltage. The modulation in βL can be obtained
in two different regimes:
• by a monotonic R1(s);
• by a non monotonic R1(s), whose derivative has a different sign in two
different machine parts.
The properties of the two regimes have been widely studied in [16]. In the
monotonic regime the maximum bunch length occurs at the cavity position
while the minimum value is in the opposite zone. In this regime a noticeable
value of Fm can be reached by a high momentum compaction. Eq. (5.5)
shows that, as αc increases, µ approaches to 180
◦ and therefore the monotonic
regimes have a high synchrotron tune.
On the contrary, in the lattices with a non monotonic R1(s), the modu-
lation factor is higher the lower is the momentum compaction. Therefore a
non monotonic regime represents an alternative way to have an isochronous
lattice that is usually obtained by a low dispersion in all the ring. As αc
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decreases, µ approaches to 0 and therefore the synchrotron tune becomes
very low.
Both regimes have advantages and drawbacks. In the high Qs regime, at
a given αc, the stability criterion (5.5) limits the maximum voltage, while
in the low Qs regime the modulation factor can be increased in a much
wider range. If αc value is sufficiently small, the same Fm is obtained in
the non monotonic behavior with a lower RF voltage than in the monotonic
regime. From the Boussard criterion, one expects that the high αc increases
the microwave instability threshold; on the other hand the high Qs crowds
with strong resonances the working point [16].
5.2 Application to DAΦNE
The previous sections suggest that a BLM experiment needs flexibility in the
lattice to easily change the dispersion. However most storage rings work in
regimes of almost fixed momentum compaction, with well defined behaviour
of the dispersion function in the dipoles. DAΦNE offers the necessary flexibil-
ity thanks to an initial design which foresaw independent power supplies for
each quadrupole. The momentum compaction range and R1(s) adjustment
are only limited by the physical and dynamic apertures of the ring. The func-
tion R1(s) can be tuned by modifying the behavior of the dispersion in the
dipoles bracketing the Short and the Long sections (as it has been explained
in Chapter 2, DAΦNE Main Rings are divided in Short and Long sections
and both of them are divided in two arcs). In fact by requiring vanishing
the dispersion and its derivative at both Interaction Points, the dispersion
behaviour in the dipoles near the Interaction Regions is almost determined.
Limiting the maximum value of the dispersion to 5 m, the maximum value of
the integral per arc of the function |η/ρ| is of the order of 2 m. This allows
to realize monotonic and non monotonic regimes. The monotonic regime
corresponds to equal contributions from the four arcs. The non monotonic
regime corresponds to positive contributions from the short arcs and nega-
tive from the long ones (or viceversa), with a very small αc. Both regimes
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correspond to horizontal emittances near 1 mm mrad, the design DAΦNE
value. However the present RF system (VRF ≤ 250 kV and νRF = 368 MHz)
gives at maximum
U = 3.7 · 10−3m−1 (5.9)
that is almost an order of magnitude inferior to the needed value to reach a
measurable BLM regime. To overcome this difficulty, it has been thought to
exploit the 1.3 GHz superconducting RF technology for TESLA by installat-
ing a 7 cells cavity providing an accelerating voltage up to 9 MV [20]. The
cavity can be installed in one of the two interaction points so it can be used
by both rings, together or independently. In the case of short bunch near the
interaction point IR2 (obtainable by the SC cavity in IR2 in a non monotonic
regime), the synchrotron light emitted by the bunch can be revealed by the
present synchrotron radiation ports, normally used for synchrotron light ex-
periment. Therefore, if the bunch is short enough, an emission of CSR could
be measured.
Figure 5.1: 7 cells TESLA cavity for DAΦNE SRFF experiment
Three lattice configurations, corresponding to monotonic and non mono-
tonic regimes, have been considered [19]:
• lattice configuration A: monotonic drift function R1(s) with a momen-
tum compaction equal to 0.073;
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Energy (MeV) 510
Ring length (m) 97.69
Maximum SC RF voltage (MV) 9
SC RF frequency (GHz) 1.3
Lattice configuration A B C
R1(s) behaviour monotonic non monotonic non monotonic
Momentum compaction 0.073 0.02 0.004
Synchrotron tune(VRF =3 MV) 0.18 0.09 0.04
Synchrotron tune(VRF =9 MV) 0.38 0.16 0.07
Minimum bunch length(mm)(VRF =3 MV) 2.8 1.89 1.28
Minimum bunch length(mm)(VRF =9 MV) 1.27 1.53 1.20
Length modulation factor(VRF =3 MV) 1.17 1.49 3.20
Length modulation factor(VRF =9 MV) 2.5 2.16 5.36
Table 5.1: Main parameters of the lattices A, B, C
• lattice configuration B: non monotonic drift function R1(s) with a mo-
mentum compaction equal to 0.02;
• lattice configuration C: non monotonic drift function R1(s) with a mo-
mentum compaction equal to 0.004 (almost isochronous regime).
Table 5.1 summarizes the main parameters of the lattices A, B and C.
In Fig. 5.2 the R1(s) trend along the ring is shown in the different lattice
configurations.
Fig. 5.3 presents the bunch length along the ring in the three different
lattices for the SC cavity voltage equal to 3 MV and 9 MV, respectively. This
plot underlines the difference between a monotonic and a non monotonic
regime: it is evident the possibility to reach a greater modulation with a
non monotonic longitudinal drift function. This figure also shows that the
modulation factor grows with the voltage value.
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Figure 5.2: R1 function along the ring in the lattices A, B, C
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Figure 5.3: Natural bunch length along the ring in the lattices A, B, C with
VRF = 3 MV (left) and VRF = 9 MV (right)
Chapter 6
Single bunch dynamics
simulations
As it has been explained in the chapter on coherent instabilities, the study
of the wakefield effects on beam dynamics can be made in frequency or in
time domain. In frequency domain the tool giving results about coherent
instabilities is the Vlasov equation (see Appendix C). On the contrary, in
this chapter, it is presented the principle of the time domain analysis through
the scheme of the C program SPIDER (Simulation Program for Impedances
Distributed along Electron Rings) devoted to study the longitudinal single
bunch dynamics in electron rings in SRFF regime.
6.1 The SPIDER simulation program
The study in time domain is nowadays possible thanks to the use of com-
puters and permits to analyse the time evolution of the particle coordinates
until the bunch has reached a stationary condition. However present com-
puters cannot study the evolution of a number of particles corresponding to
the current stored in present accelerators (∼ 1011). In a macroparticle (or
superparticle) model, a bunch is described by an amount of particles much
less than the real one. In other words, one studies only the evolution of these
macroparticles like they were real particles and takes into account the total
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number of particles in the motion equations. For electron dynamics the mo-
tion equations involve the radiation process and the wakefield effects: only
the second one is a collective effect depending on the total bunch current.
The exact number of macroparticles one has to use for a good bunch simula-
tion depends on the wakefield characteristics: the method consists in looking
for the convergence of the effects on bunch distribution when increasing the
macroparticle number. The longitudinal phase space coordinates used in
this work are the distance from the synchronous particle (z) and the energy
spread  = E−E0, where E is the energy of the particle under consideration
and E0 is the nominal energy. The code allows to divide the machine in
several sections that can be longitudinal drift spaces or RF cavities. If the
section is a RF cavity the single bunch dynamics equations are:{
z(s2) = z(s1)
(s2) = (s1) + Vcav(z(s2)) + VRF cos(Φ− 2pic z(s1)λRF )
(6.1)
where s1 and s2 are the beginning and the ending of the section, respectively,
Φ is named synchronous phase [12] and Vcav(z(s2)) is the energy loss due to
the cavity wakefields. If the section is a longitudinal drift space the equations
are: {
z(s2) = z(s1)−
∫ s2
s1
ds′ η(s
′)
ρ(s′)
(s1)/E0
(s2) = (s1) + Vpipe(z(s2)) + VCSR(z(s2)) + VISR(s2; s1)
(6.2)
where η(s) is the dispersion in the section, ρ(s) is the radius of the trajectory
in the section, VCSR and Vpipe are the energy losses due to CSR and vacuum
chamber wakefields. VISR(s2; s1) is the contribution of the incoherent syn-
chrotron radiation and is given by
VISR(s2; s1) = −U0(s2; s1)−D(s2; s1)(s1) +RσE(s2; s1)
√
2D(s2; s1) (6.3)
where U0(s2; s1) = 1.4 · 10−32E40I2(s2; s1) is the energy radiated by the syn-
chronous particle in the section, D(s2; s1) = 1.4·10−32E30 [2I2(s2; s1)+I4(s2; s1)]
is the damping factor, R is a gaussian random number centered at zero with
unitary rms, σE(s2; s1) = 1.2 · 10−12E20
√
I3(s2;s1)
2I2(s2;s1)+I4(s2;s1)
is the section en-
ergy spread without BLM, and I2(s2; s1), I3(s2; s1) and I4(s2; s1) are the usual
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synchrotron radiation integrals [29] but calculated in the section and hence
given by: 

I2(s2; s1) =
∫ s2
s1
ds′ 1
ρ(s′)2
I3(s2; s1) =
∫ s2
s1
ds′ 1
|ρ(s′)|3
I4(s2; s1) =
∫ s2
s1
ds′ (1−2n)η(s
′)
|ρ(s′)|3
(6.4)
in which n = dB
dx
ρ/B0 is the field index. The ISR contribution contains two
opposite effects: the damping radiation term given by U0(s2; s1)−D(s2; s1)(s1)
and the quantum excitation term given by RσE(s2; s1)
√
2D(s2; s1). The
damping term is due to the average value of the energy radiated by a parti-
cle with energy spread (s1) and causes an exponential damping of the syn-
chrotron oscillation. Therefore the radiation damping term leads the bunch
phase space to point dimensions. On the contrary the quantum excitation
term takes into account that the radiation process is not a continous pro-
cess but has a quantum nature characterised by gaussian fluctuations [12].
The quantum excitation term contains the standard deviation of the energy
radiated by an electron and introduces a stochastic noise in the bunch distri-
bution. In other words quantum excitation is opposite to radiation damping:
the balance between the two phenomenons leads to a gaussian profile with
respect to z and . The wakefield contribution due to the interaction with
the vacuum chamber needs a model for the longitudinal short range wake
function w‖(z) of the considered section. If the wake function is known, the
energy loss by a particle in the bunch can be calculated as:
Vpipe(z) = eNc
∫ ∞
z
dz′n(z′)w‖(z
′ − z) (6.5)
where Nc is the total number of particles in the bunch, n(z) is the longitudinal
density normalized to one, w‖(z) is expressed in V/C
2 and the electron charge
e is expressed in Coulomb so that the energy loss is in eV. In Eq. (6.5) the
property is applied that, in the vacuum chamber interaction, one considers
only the contribution due to the particles in front of the one under study. The
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integral of Eq. (6.5) can be calculated numerically using the approximation:
Vpipe(z) ' eNc
∑
zj>z
n(zj)w‖(zj − z)∆z (6.6)
where ∆z is the distance between two adjacent points zj and zj+1. The
line density is obtained by dividing the interval from the minimum to the
maximum z coordinate of the macroparticles in many bins. In this way, the
density at the center of the i−th bin is given by:
n(zi) =
nb(zi)
Np4l (6.7)
where nb(zi) is the number of macroparticles in the bin, Np is the total
number of macroparticles and 4l is the bin length. Then the energy loss for
each bin center can be calculated as:
Vpipe(zi) = eNc
∑
zj≥zi
nb(zj)
Np
w‖(zj − zi) (6.8)
The energy lost in all the bins is used to find, by a linear interpolation, the
energy loss of a macroparticle with a generic position in the bunch.
Concerning CSR effects, the code considers the energy loss according to
the models and the formulas illustrated in chapter 4:
• dipole steady state wakefield:
VCSR(z) = −LbNc e
4pi0
2
31/3ρ2/3
∫ z
−∞
dz′
1
(z − z′)1/3
dn(z′)
dz′
, (6.9)
where Lb is the length of the dipole;
• dipole wakefield including entrance transients
VCSR(z) = −Nc e
4pi0
∫ Lb/ρ
0
dφ[T1(z, φ) + T2(z, φ)] ; (6.10)
• dipole wakefield including exit transients that is the previous term plus
the contribution
VCSR(z) =
−Nce
pi0
{
∫ xMAX
0
dx[
n(z −∆zmax)
ρψ + 2x
+
∫ z
z−∆zmax
dz′
1
ψ + 2x
dn(z′)
dz′
]} ,
(6.11)
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where xXMAX is the maximum distance from the exit of the magnet in
which the particle is affected by CSR wakefields;
• dipole steady state wakefield including vacuum chamber shielding that
is given by the steady state contribution plus the term
VCSR(z) = −Lb Nce
4pi0ρ2
∫ ∞
−∞
dz′
∞∑
k=1
(−1)k[ 1
γ2
W1,k(
z′ − z
2ρ
)−
W2,k(
z′ − z
2ρ
)]n(z′) ; (6.12)
• wiggler steady state wakefield
VCSR(z) = LwNc
e
4pi0
kw
∫ z
−∞
dz′D¯(zˆ − zˆ′, K) ∂
∂z′
n(z′) , (6.13)
where Lw is wiggler length.
Also in this case, all the integrals involving bunch distribution are calculated
considering the bunch as a sum of many bins. However, in dipole case, wake
function diverges like 1/(z − z′)3 when the distance between the particles
approaches to zero. As a consequence the sum on the bins has to be done
with the condition zj > zi: therefore it is necessary to exclude in the sum
the contribution of the bin on itself, i.e. the term zj = zi. To take in
consideration the contribution of the bin on itself the sum on the bin has to
be corrected by an additional term. The corrective term is calculated in all
the CSR models by considering the following approximation:∫ zi
−∞
dz′
1
(zi − z′)1/3
dn(z′)
dz′
≈
∑
zj<zi
1
(zi − zj)1/3
dn(z′)
dz′
|zj∆l
+
3
2
∆
2/3
l (
dn(z′)
dz′
|zi−1 +
dn(z′)
dz′
|zi)/2 (6.14)
where the second term in the sum is a mean value of the derivative in the
interval (zi−1, zi) times the integral of the function 1/z in the same interval.
Every CSR wake function needs the longitudinal distribution derivative.
Since in our model bunch distribution is known as a discrete function, it
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has a random noise due to the finite number of bins and macroparticles. A
particular care is necessary for the numerical derivative because the noise
in the distribution can introduce fake microbunching effects in the simula-
tions. Microbunching is a phenomenon predicted in the case of high density
bunches. It is due to CSR and consists in the formation of spikes in the
longitudinal distribution. Observation [30] of bursts at THz frequencies were
attributed to this phenomenon but really there is a debate as to whether
this phenomenon is a physical effect or a numerical artefact due to the use
of macroparticle model.
Therefore it is necessary to use a numerical derivative method able to
control this effect. The SPIDER method is to bin the macroparticle distri-
bution and differentiate it by a Savitzky-Golay smoothing filter [31] through
a Fast Fourier Transform (FFT) algorithm (see Appendix A). The filter pa-
rameters have to be set studying the convergence of the microbunching effect
that depends on the magnet parameters and the bunch charge density.
6.2 Input and output data
The SPIDER program reads from two text files the characteristics of the ring
and of the bunch under consideration. From the general.txt input file the
code reads the nominal energy, the amount of macroparticles, of particles
and of bins, the number of turns along the ring the bunch is required to do,
a starting value for the energy spread and the bunch length. Another input
file (sections.txt) provides the information about the section subdivision of
the machine. For each section it is necessary to specify if it is a cavity or
a longitudinal drift function. In the case of a RF cavity, the file contains
the peak voltage, the RF frequency, an instruction specifying if the cavity
wake function has to be taken into account. If the section is a longitudinal
drift space the file contains the synchrotron radiation integrals, the drift
function R1, the number of dipoles and of wigglers, instructions about which
wakefields one wants to consider (vacuum chamber, dipole CSR, wiggler CSR
wake). For each dipole it is necessary to specify the length, the bending
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radius, and the pipe half height in the magnet. For a wiggler it is necessary
to insert in the file the magnetic field peak value, the wiggler length and
the wiggler wave number. As far as dipole CSR is concerned, an instruction
allows to choose between the different models for dipole contribution. For
both types of sections there is a file containing the wake function due to the
interaction of the beam with its environment. The program gives, as output,
files containing for the end of each section, the particle distributions with
respect to z and , the phase space distributions, the average value and the
root mean square of each distribution every Nx turns, where Nx can be
decided as an input parameter. Appendix D reports some examples of the
input and output files.
6.3 Program tests
6.3.1 Pipe effects: DAΦNE case
All the effects (CSR, interaction with the pipe and ISR) included in the
program have been separately tested. In the case of no wakes, tests consisted
in obtaining, after a number of turns equivalent to three damping times, the
theoretical natural distributions [12] of z and  due to ISR.
As a check of the wakefield effects due to the interaction of the beam
with the vacuum chamber, one has studied the reproducibility of the bunch
lengthening and microwave threshold in the present DAΦNE configuration.
Generally it is not possible to have an analytical expression of the wake
function of a structure[26]: therefore to know the wake function of a machine
some approximations are necessary. An efficient way to obtain a good model
for the wake function is using numerical codes like ABCI for structures with
an axial symmetry or MAFIA for a tridimensional analysis. These codes
solve numerically Maxwell equations in time domain on a mesh and can give
the wake potential of a finite short bunch distribution nσ1(z). This wake
potential can be used as an approximate wake function for bunches much
longer than the one relative to the distribution nσ1(z).
As DAΦNE wake function is used the wake potential of a 2.5 mm gaussian
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bunch (see Fig. 6.1) calculated by the code MAFIA [32]: this is a good
approximation since the natural bunch length is about 1 cm.
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Figure 6.1: DAΦNE wake function
First, the lattice has been divided in two sections, the RF cavity and a
longitudinal drift space and the wake has been associated to the drift space.
In Fig. 6.2 bunch length and z average value displacement are reported as a
function of the current for DAΦNE lattice with the parameters presented in
chapter 3, i.e. with the RF voltages equal to 110 kV and 250 kV. The simula-
tion results reproduce the experimental data extracted from the distributions
presented in chapter 3. The absence of a perfect agreement is due essentially
to the uncertainty on some optic parameters of the DAΦNE lattice during
the measurements.
Fig. 6.3 shows the energy spread as a function of the current for the two
voltages; this plot allows to distinguish the microwave instability. As it has
been explained in chapter 3, below this threshold, in presence of a wakefield,
energy spread is constant but bunch lengthening and distortion from the
gaussian natural distributions show up. Above microwave threshold energy
spread increases, the bunch distribution with respect to z continues to show
distortions but there is no real equilibrium distribution: an oscillation due
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to the instability starts dominating.
In order to show these effects, for VRF =110 kV Figs. 6.4 and 6.5 report
the average value and the standard deviation of the bunch distributions with
respect to z and  as a function of the number of turns. These plots show
the instability on the equilibrium distributions at different currents above
the microwave threshold.
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Figure 6.2: DAΦNE bunch length and z average value as a function of the
number of particles: comparison between simulation and experimental data
The same results have been reproduced by dividing the lattice in more
than two drift spaces, and in more than two drift spaces with two cavities.
In conclusion SPIDER is able to reproduce the behaviour of DAΦNE
bunch length.
6.3.2 CSR effects
CSR effects have been tested through a check of the derivative method and
of the models implemented in the code. As it has been already pointed
out in the previous sections, derivative distribution method depends on the
number of macroparticle, on the number of bins, on the characteristics of
the moving window and on the order of the polynomial used in the Savitzky
Golay smoothing filter. The derivative method has been tested by considering
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Figure 6.3: DAΦNE energy spread as a function of the number of particles
the effect on a gaussian bunch of the dipole steady state model. First, a
comparison has been made between the energy lost by the particles obtained
with SPIDER and the energy loss calculated using an analytical gaussian
distribution. Tests showed that, because of the macroparticle model, there is
a discrepancy between the two distributions in the region near the maximum
energy lost. Fig. 6.6 shows the two distributions with 256 bins , 1.5 · 105
macroparticles, a symmetric moving window of 33 points and the order of
the fitting polynomial equal to four.
With these parameters the discrepancy is not so relevant. This has been
tested by considering the following analytical formulas [35]:
〈E − E0
E0
〉 = −0.3505 QLbre
eγ(ρ2σ4L)
1/3
(6.15)
(
E − E0
E0
)|s.d. = 0.2459 QLbre
eγ(ρ2σ4L)
1/3
(6.16)
where 〈E−E0
E0
〉 and (E−E0
E0
)|s.d. are respectively the average value and the stan-
dard deviation of the normalized energy spread of a gaussian bunch due to
the passage in a dipole. These formulas have been studied with respect to
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Figure 6.4: DAΦNE bunch length and z average value as a function of the
number of turns
bunch length and dipole bending radius giving good results as it is shown in
Figs. 6.7 and 6.8.
Furthermore the implemented CSR models depend on parameters that are
implicitly defined (see chapter 4) and that are found in the code numerically.
The presence of such parameters and the infinite sum of the pipe shielding
wake function could introduce numerical problems in each model. To avoid
these problems other tests have been made. Shielding effects have been tested
by the comparison between the wake function obtained by SPIDER and the
ones reported in [14]. Fig. 6.9 reports one of these wake functions.
To check transients effects,
〈E−E0
E0
〉 and (E−E0
E0
)|s.d. were calculated for a gaussian bunch at different
positions inside and after the magnet. The results given by the code have
been compared with good agreement with the analytical ones presented in
[22]. Fig. 6.10 presents SPIDER results.
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Figure 6.5: DAΦNE energy spread rms and average value as a function of
the number of turns
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Figure 6.6: Energy loss by the particles of a gaussian bunch after a dipole
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Figure 6.7: Average value of the energy change by a gaussian bunch after a
dipole
Figure 6.8: Rms of the energy change by a gaussian bunch after a dipole
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Chapter 7
Simulations in a SRFF regime
The SPIDER program may be used to study bunch lengthening in all the
existing electron storage rings. Since in all the existing machines the bunch
has a constant length along the ring, the code can be applied by dividing
simply the lattice in two sections. In a BLM regime, wakefields affect beam
dynamics according to bunch length and then it is necessary to divide the
lattice in more sections. As a consequence, even if SPIDER is useful for a
generic storage ring, at present, it is the only tool able to study strong RF
focusing configurations.
In fact, even if the principle of strong RF focusing has been thought in
order to round on the obstacles of microwave and microbunching instability,
this idea has been not tested quantitatively. Therefore the present study has
two goals:
• to show the validity of the SRFF principle, i.e. its capability to reach
stable short bunches evading the single bunch instabilities;
• to foresee the results of the BLM experiment proposed for DAΦNE,
aiming to provide the first measurements in a SRFF regime.
To achieve these purposes, SPIDER has been applied to the lattices A, B
and C presented in chapter 5. These configurations are very interesting in
order to study the difference between the monotonic and non monotonic
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regime and in order to understand how a very low momentum compaction
influences BLM.
Each configuration has been studied with two different RF voltages (3
MV and 9 MV), in order to analyse the effect of two different modulation
factors in each lattice. DAΦNE lattice has been divided in five parts: the SC
cavity and four longitudinal drift spaces, each∼ 25 meters long. Longitudinal
distributions have been observed at the end of each section after 18000 turns,
corresponding to about three damping times.
At zero current SPIDER reproduces the theoretical length modulation
and the natural gaussian shape of the bunch at the end of each section. For
example Fig. 7.1 shows the results for the bunch length and the energy
spread for the ”C” lattice with a voltage in the cavity of 9 MV. It is worth
noting that, as it has been already explained in chapter 5, energy spread is
constant along the ring.
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Figure 7.1: Particle distribution with respect to the energy spread (left) and
z (right) in different positions along the ring for the C lattice with 9 MV
For different bunch currents(from 0 to 25 mA) it was separately studied
the effect of
• beam pipe wake;
• CSR wake;
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• beam pipe and CSR wake;
• beam pipe, CSR and SC cavity wake.
7.1 Wakefield contribution
7.1.1 TESLA cavity wakefield
For the Tesla SC cavity wake contribution, it was used the analytic approx-
imation of the wake function per unit length given in [33]:
w(z) = 38.1(1.165 · e−
√
z/(3.65mm) − 0.165) [ V
pCm
] (7.1)
The longitudinal wakefield of the four longitudinal drift spaces has been
taken into account by considering DAΦNE wake equal in all the sections.
In DAΦNE lattice this is a good approximation because the impedance is
almost equally distributed along the ring.
As an example, Fig. 7.2 shows the energy loss of a particle in a 2 mm
gaussian bunch (Q= 1 nC) due to the Tesla cavity wakefield and DAΦNE
vacuum chamber wakefield. It is possible to observe that, at least in this case,
the Tesla cavity wake contribution is more than one order of magnitude lower
than DAΦNE vacuum chamber contribution.
7.1.2 Drift section wakefield
Like it has been said in chapter 6 the DAΦNE wake function has been cal-
culated as the wake potential of a 2.5 mm gaussian bunch. However since
in the SRFF regimes the bunch length is comparable with 2.5 mm, this ap-
proximation is no longer correct.
To overcome the problem a useful approximation for the wake function
is to model it according to the impedance of an equivalent circuit that is
usually a transmission line or a RLC circuit.
In the case of a RLC parallel circuit, considering a current qlδ(t), for
t = 0+ the capacitor is charged with a voltage V (0+) = ql/C and V˙ (0
+) =
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Figure 7.2: Comparison between the energy loss for a 2 mm gaussian bunch
because of the Tesla cavity wakefield and because of the DAΦNE vacuum
chamber wakefield
V (0+)/RC. For t > 0 the voltage V (t) is the solution of the equation:
V¨ (t) + 2ΓV˙ (t) + ω2rV (t) = 0 (7.2)
where Γ = 1/2RC and ωr =
√
1/LC. Solving the previous equation the
longitudinal wake function is given by:
w‖(z) = V (ct)/ql =
e−Γz/c
C
[cos(ω¯rz/c)− Γ
ω¯r
sin(ω¯rz/c)] (7.3)
where ω¯2r = ω
2
r − Γ2. The parameters of the circuit can be expressed using
the well-known merit factor Q that is equal, in this case, to ωr/2Γφ. The
RLC longitudinal impedance is given by:
Z‖(ω) =
R
1 + iQ( ω
ωr
− ωr
ω
)
(7.4)
For our simulations the wake function of each longitudinal drift section
has been approximated by a RLC equivalent model. To approximate machine
short range wake with a RLC model it is necessary a reasonable choice of
parameters. Broad band impedances are usually above pipe cut off frequency
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Figure 7.3: Comparison between the DAΦNE wake potential for the 2.5 mm
bunch and the wake potential obtained by an RLC model
ωc, therefore a good choice for ωr is ωc itself; ωc can be approximated by the
ratio of the pipe radius over the light speed. Other reasonable parameters
are Q ∼ 1 and
|Z‖(n)/n| ∼ 1 ohm for ω → 0 .
Such parameter choices were the starting point to find the best RLC
model for DAΦNE vacuum chamber. These parameters were subsequently
improved by fitting the DAΦNE 2.5 mm bunch wake potential. Fig. 7.3
shows the DAΦNE wake potential for a 2.5 mm bunch, and the one obtained
with the fitted RLC model (the optimum R, L and C are, respectively: 6.56
kΩ, 35 nH, 1.3 fFarad). It is important to note that with this wake choice
Im(ZL(n))/n ∼ ω0L ∼ 0.62 that is a good approximation of the DAΦNE
value reported in chapter 2.
The choice of the RLC approximation ignores possible high frequency
impedance effects (corresponding to the spectrum of a bunch shorter than
2.5 mm). For a more accurate analysis it would be necessary to calculate the
wake potential of a bunch shorter than 1 mm. This implementation, that re-
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quires a lot of computational time, is expected to be studied in a near future.
However, even with this approximation, one can find interesting results, that
can be refined with a better approximation of the vacuum chamber wakefield.
7.1.3 CSR wakefield
Each longitudinal drift space contains two dipoles and a wiggler: the study
presented in chapter 4 allows to affirm that in these simulations, shielding
effect is relevant while transient effects are not so important: therefore, the
model used for the simulations is the steady shielded state model. In Fig. 7.4
the energy loss due to the CSR in dipoles and wiggler is reported for a
particle in a 2 mm gaussian bunch with Q = 1 nC. The calculation has been
done considering the free space CSR wakefield model. The figure shows that
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Figure 7.4: Comparison between the dipole and the wiggler contribution to
the energy loss for the particles of a gaussian bunch
CSR contribution is dominated by the dipoles. As a consequence, the choice,
considering the present status of the program SPIDER, has been to neglect
wiggler contribution. The validity of this approximation is confirmed by the
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fact that pipe height in wiggler is smaller than in dipoles and then, at a given
length, shielding effect is more relevant.
7.2 Results of the simulations
The ”turbulent regime” threshold, defined as the current at which the energy
spread begins to increase, has been calculated in the three different lattices
(A, B, C). Above this threshold the strength of the microwave instability, up
to a current of 25 mA, has been studied.
Figs. 7.5, 7.6 and 7.7 show the minimum bunch length, the energy
spread and the modulation factor as a function of current (up to 5 mA)
for the lattices A, B and C with VRF equal to 3 and 9 MV considering all
the wakefield effects. Above the ”turbulent regime” threshold, the bunch
distribution oscillates and bunch length has been taken as its average value
in the last two thousands turns. In each figure error bars correspond to the
amount of the instability and are obtained by the standard deviation of the
values of the bunch length in the last two thousands turns. When the values
are not reported, it means that the instability is too much great (bunches
are completely unstable).
In the A lattice with 3 MV, the BLM factor is low (Fm = 1.178 at
zero current) and the natural minimum bunch length is 2.8 mm. In this
configuration the ”turbulent regime” threshold occurs at∼ 1.5 mA and above
this threshold the bunch increases its length remaining stable. Increasing the
RF voltage up to 9 MV the BLM becomes higher (Fm = 2.5 at zero current)
and the natural minimum bunch length is 1.27 mm. In this configuration the
”turbulent regime” threshold occurs at∼ 1 mA and, above this threshold, the
bunch increases strongly its length becoming almost immediatly unstable.
In the B lattices Fm is equal to 1.49 and 2.16 (at zero current) with 3 MV
and 9 MV, respectively. At low RF voltage the modulation factor is greater
than in the A lattice , while with 9 MV it is lower. In the 3 MV configuration
the minimum bunch length is 1.89 mm and the ”turbulent regime” threshold
is about 0.2 mA; above this threshold the bunch increases its length becoming
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Figure 7.5: Minimum bunch length and length modulation factor as a func-
tion of current (up to 5 mA) by considering all the wakefield contributions
strongly unstable for currents above 3 mA. By increasing the current this
instability decreases its strength: this strange behavior (the instability should
be expected to increase with the current!) can be explained observing the
longitudinal particle distribution. Fig. 7.8 shows the normalized particle
distribution at three different currents. By increasing the current above 1
mA, spikes appear in the bunch distribution causing great instability; for
currents greater than 3 mA, the wakefields cause a general lengthening of
the bunch and these spikes disappear, reducing the instability up to 5 mA;
above this current the instability increases again. In lattice B with a voltage
of 9 MV, the minimum bunch length reduces to 1.53 mm but the ”turbulent
regime” threshold (equal to 1 mA) is higher than the B configuration with 3
MV: above the threshold the bunch lengthens and is affected by instability.
In the C configuration with 3 MV, thanks to the low momentum com-
paction, the modulation factor at zero current is 3.2 and the minimum bunch
length is 1.28 mm, almost equal to the A lattice with 9 MV. The threshold is
∼0.2 mA and above this threshold the bunch increases its length remaining
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Figure 7.6: Bunch length modulation factor as a function of current (up to
5 mA) by considering all the wakefield contributions
stable. With 9 MV, the threshold and the natural minimum bunch length
(σLMIN = 1.2 mm) are very similar to the ones with 3 MV. Thanks to a
greater modulation factor (Fm = 5.36) the bunch length starts to increase
very smoothly with respect to the previous case and the beam dynamics is
not much affected by instability effects.
For completeness, Figs. 7.9 and 7.11 report the minimum bunch length,
the modulation factor and the energy spread as a function of current up to
25 mA. In these plots, to put in evidence the BLM effects, the results for
the lattices A, B and C have been compared with the ones obtained with
a very low momentum compaction lattice (αc = 0.004, VRF = 0.5 MV and
fRF = 1.3 GHz) that does not present BLM. With this last lattice, labelled as
NO SRFF in the figures, the natural bunch length is 1.6 mm. As the figures
show, in the NO SRFF configuration the bunch length and the energy spread
increase rapidly because of the strong microwave instability and above 4 mA
the bunch becomes completely unstable.
As a result, one can observe that the ”turbulent regime” threshold is
higher in monotonic regime (configuration A) but above this threshold the
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Figure 7.7: Energy spread as a function of current (up to 5 mA) by consid-
ering all the wakefield contributions
instability grows faster than in the non monotonic regimes (configurations
B, C). This consideration is more relevant the lower is the momentum com-
paction. These behaviors are due to the fact that, in the non monotonic
regimes (B, C), at a given RF voltage, the modulation factor is higher than
in the monotonic configuration (A). Therefore, at a given minimum bunch
length, the average length along the ring is higher. Furthermore it has been
verified that in the regimes with the greatest modulation factor (C lattices),
Fm depends on the current, increasing immediately after the threshold. This
contributes to further increase the average bunch length on the ring reducing
the wakefield effects on the minimum bunch current.
For the lattices A, B, C with the voltages of 3 and 9 MV, Table 7.1 sum-
marizes the instability threshold current (Ithr), the minimum bunch length
at zero current(σL(0)), the maximum current (IM) at which the bunch is
storable (that is equal to 25 mA if the bunch is storable at least up to this
current), the minimum bunch length (σL(IM)) and the strength of the insta-
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Figure 7.8: Normalized particle distribution for the B lattice with 3 MV,
under the effect of all the wakefields
bility (∆σL(IM)) at the current IM .
It is interesting to observe the influence on beam dynamics of the different
wakefield contributions. With different simulations one has verified that the
Tesla cavity wakefield effect is negligible even in cases where the minimum
bunch length is in the cavity itself.
To show the effect of the CSR contribution on the bunch dynamics,
Figs. 7.12, 7.13 and 7.14 report the same results of Figs. 7.9, 7.10 and
7.11, considering separately the CSR and vacuum chamber contributions.
In the lattice A with 3 MV, thanks to the large value of the natural bunch
length, CSR effects are negligible: the bunch is below the ”turbulent regime”
threshold even at the maximum current. Therefore in this configuration
the vacuum chamber wakefield represents the more relevant contribution for
bunch dynamics; anyway CSR is important to describe the correct behavior
of bunch dynamics.
In all the other lattices CSR is an important effect. One can conclude,
by a comparison between the figures containing the results, that the vacuum
chamber contribution affects the bunch in a similar way with respect to the
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Figure 7.9: Minimum bunch length as a function of current up to 25 mA,
under the effect of all the wakefields
CSR wakefield. In general, when considering both the effects, one can note
that the two contributions sum their effect decreasing the instability thresh-
old and increasing the phenomenon of bunch lengthening, distortion and
instability. It is important to note that, considering only the vacuum cham-
ber wakefield effect, one has no spikes; furthemore at high currents, above
the instability threshold, it may happen (as in the lattice C with 3 MV at 25
mA) that the strength of the instability is higher if one takes into account
only one contribution. In fact, when considering both contributions, one
can have a larger bunch lengthening: as a consequence the bunch oscillates
around a greater length and then the instability effects may be smaller.
To show the wakefield effect on the distribution shape one reports in Figs.
7.15, 7.16 and 7.17 the bunch profile at zero current and at the maximum
current for each configuration.
As it has been previously pointed out, short bunches represent an im-
portant goal for all colliders. In Fig. 7.18 one reports the ratio N 2/σLMIN
where N represents the number of particles in the bunch and σLMIN is the
minimum bunch length obtained by simulation. This quantity is related to
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Figure 7.10: Bunch length modulation factor as a function of current up to
25 mA, under the effect of all the wakefields
the maximum achievable luminosity in the case of short bunch at interaction
point, in the hypothesis of a vertical betatron function (at the interaction
point) equal to the bunch length. Anyway it could be claimed that the lu-
minosity scales with the same factor, because the optimisation of the overall
collider parameters must be taken into account. Nevertheless, as Fig. 7.18
shows, the advantages of SRFF regime in terms of collider luminosity are
evident. As a comparison the point corresponding to the present DAΦNE
parameters [34] is also reported.
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Figure 7.11: Energy spread as a function of current up to 25 mA, under the
effect of all the wakefields
Table 7.1: Relevant parameters of the bunch dynamics in the considered
lattices
Ithr(mA) IM(mA) σL(0) (mm) σL(IM)±∆σL(IM) mm
A, 3 MV 1.5 25 2.8 5.83± 0.2
A, 9 MV 1 3 1.27 2.23± 0.3
B, 3 MV 0.2 25 1.89 5.63± 0.86
B, 9 MV 1 25 1.53 4.13± 0.05
C, 3 MV 0.2 25 1.28 4.97± 0.36
C, 9 MV 0.2 25 1.20 2.23± 0.02
NO SRFF 0.5 4 1.6 5.47± 0.3
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Figure 7.12: Minimum bunch length as a function of current up to 25 mA,
under the effect of the CSR wakefields only (left) and of the vacuum chamber
wakefields only (right)
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Figure 7.13: Bunch length modulation factor as a function of current up to
25 mA, under the effect of the CSR wakefields only (left) and of the vacuum
chamber wakefields only (right)
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Figure 7.14: Energy spread as a function of current up to 25 mA, under the
effect of the CSR wakefields only (left) and of the vacuum chamber wakefields
only (right)
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Figure 7.15: Bunch profile at zero current and at the maximum current for
the A lattice with 3 and 9 MV
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Figure 7.16: Bunch profile at zero current and at the maximum current for
the B lattice with 3 and 9 MV
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Figure 7.17: Bunch profile at zero current and at the maximum current for
the C lattice with 3 and 9 MV
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Figure 7.18: Ratio of the second power of the stored current over the mini-
mum bunch length
Chapter 8
Conclusions
The bunch length modulation principle may represent a way to obtain short
bunch with high current in storage rings. In this thesis the bunch length
modulation has been studied for the first time under the effect of short range
wakefields due to the CSR and to the beam interaction with the vacuum
chamber. The study has been made by simulating single bunch dynamics
in three different SRFF lattices, possibly available in DAΦNE for a BLM
experiment [19]. The minimum natural bunch length of these three lat-
tices is similar, but they present different features. Indeed such lattices are
characterized by a different behavior of the longitudinal drift function: as a
consequence the momentum compaction, the modulation factor and the ring
regions, where the minimum bunch length occurs, are not the same. Concern-
ing coherent instabilities, the analysis of these lattices has allowed to study
the properties of different BLM regimes. For each lattice the instability has
been studied as a function of the particles stored in a bunch up to a current
of 25 mA. At the different currents the longitudinal bunch profiles have been
studied after a sufficiently large number of turns along the ring. This study
has showed that, also in presence of wakefields, the bunch length modulation
provided by the SRFF is mantained. The wakefields cause a lengthening
and a distortion of the longitudinal bunch profile. As the current increases
the bunch dynamics is affected by instabilities that, in some cases, make the
bunch not storable. In the simulation the best results are obtained with an
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almost isochronous non monotonic regime, in which the large modulation
factor allows a better control of the beam instabilities.
According to the present study, in DAΦNE rings bunches with lengths in
the range of few mm could be obtained with single bunch current above 10
mA, while in a quasi isochronous regime and no SRFF only currents below
the mA can be steadily stored.
Therefore the results of these simulations effectively propose SRFF as an
efficient way to reach the goals of CSR sources and colliders. This result
is particularly positive when considering that DAΦNE impedance design is
not optimized with respect to a SRFF regime. In fact DAΦNE impedance is
practically equally distributed along the ring and as a consequence it cannot
exploit fully the SRFF advantages. With a design where the rings had the
greatest impedance elements where the bunch is long, one could easily control
beam dynamics: in such case, one could achieve better results than the one
presented in this work (i.e. shorter bunches storing larger currents).
BLM regimes have been previously studied in other works also from the
point of view of the dynamic aperture. The results [19] show that, for the
same Fm value, a non monotonic regime have a wider dynamic aperture than
a monotonic regime. Hence, the regimes that have shown the best behavior
in our study, are particularly advantageous also from the dynamic aperture
point of view.
The results of these simulations have been obtained by the SPIDER pro-
gram that allows to consider the effect of the wakefields distributed along
the ring. Thanks to its structure, SPIDER permits to study microwave and
microbunching instability in any storage ring, and therefore also in lattices
presenting bunch length modulation. Several future upgrades of the code are
already foreseen in order to study a wider range of regimes of bunch length
and magnet parameters, using improved and more complete models for the
CSR wakefield calculation. For example it will be necessary to analytically
calculate and implement in the code formulas for the steady state shield-
ing effect in wigglers, for transient effects in dipole shielded wakefield and
for transient effects in free space wiggler wakefields. Furthermore it would
be possible to include in the code multi-bunch effects to check the need of
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feedback systems.
Recently, it was proposed to apply the SRFF principle in Compton rings
[36], where a high current short bunch is required only in the beam-laser in-
teraction region. Indeed the present code is already suitable to study bunch
lengthening in the proposed low emittance and momentum compaction lat-
tice of the ILC Compton ring [37], once it will be modified including BLM.
Appendix A
Savitzky-Golay filter and FFT
A filter is a tool to smooth a set of numerical noisy data. Savitzky Golay
filter replaces each data value (fi) by a linear combination (gi) of itself and
some number of nearby neighbors:
gi =
nR∑
n=−nL
cnfi+n (A.1)
where nL is the number of data points used at the left of the point i and
nR is the number at the right; the points from nL to nR are called ”moving
window”. If the coefficients cn are all equal, information about high moments
of the distribution are lost: e.g. if the data set has a maximum in the i-point,
this procedure reduces the height of the value, violating the second moment.
To avoid this, Savitzky-Golay method approximates in each point the set of
data not with a constant but with a polynomial of higher order: for each point
fi, a least squares fit is performed by means of a polynomial to all nL+nR +1
points in the ”moving window” and then gi is set to be the value of that
polynomial at i position. Since the process of least-squares fitting involves
only a linear matrix inversion, the coefficients of a fitted polynomial are
linear in the data values: therefore the coefficients used in the filter depend
only on the degree of the polynomial and of the characteristics of the ”moving
window”. The smoothing process is made by the linear combinations between
the data and these coefficients that are independent on the data. To obtain
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these coefficients let us consider the polynomial a0i
0 + a1i
1 + · · · + aM iM
fitting the data f−nL, . . . , fnR. The normal equations for the a¯ = a0 . . . aM
vector in terms of the f¯ = f0 . . . fM vector is:
(AT · A) · a¯ = AT · f¯ (A.2)
where the matrix A is given by:
Aij = i
j i = −nL, . . . , nR j = 0, . . . ,M . (A.3)
Since the cn coefficient is the component a0 when f is replaced by the
unit vector en, one has:
cn = {(AT · A)−1 · (AT · en)}0 =
M∑
m=0
{(AT · A)−1}0mnm (A.4)
The cn coefficients allow to smooth a set of data; if one wants a numerical
derivative (of order k) of the data set it is necessary to consider not the
term a0 but the term ak: the coefficients found with this method have to be
multiplied by k! and the convolution with the data set divided by the k− th
power of the stepsize between the data.
The convolution between the Savitzky-Golay coefficients and the data
set can be realized(in order to reduce computational times) by the Fourier
antitransform of the product of the Fourier transforms of the coefficients and
of the data. This passage to frequency domain and back to time domain is
convenient thanks to the use of a Fast Fourier Transform (FFT) algorithm
for the discrete Fourier transform, i.e. for the Fourier transform of a finite
data set. In general, if one has N consecutive sampled values (with a stepsize
∆) of a function h(t):
hk ≡ h(tk), tk ≡ k∆, k = 0, 1, 2, . . . , N − 1 (A.5)
one can estimate the Fourier transform of the function h(t) in N points
fn ≡ n/(N∆) with n = −N/2 . . . N/2 by:
H(fn) =
∫
h(t)e2piifntdt ∼ ∆
N−1∑
k=0
hke
2piifntk ≡ ∆Hn (A.6)
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The quantity Hn is the discrete Fourier transform of the N points hk. The
discrete Fourier transform of a set of N data is a O(N 2) process: the algo-
rithms of the FFT transform this process in a O(N log2N) one. The starting
point of this algorithm is the Danielson Lanczos lemma: the discrete Fourier
transform of length N can be rewritten as the sum of two discrete Fourier
transform of length N/2, one of the two formed from the even numbered
points of the original N , the other from the odd numbered points. This
lemma allows to write:
Hk = H
e
k +W
kHok (A.7)
where one may distinguish the transforms formed from the even components
Hek and the odd components H
o
k. The important thing is that this lemma
can be repeated recursively until to the fourier transform of length one that
is just the identity. In other words for every pattern of log2N e
′s and o′s
there is a one point transform that is just one of the input numbers hn:
F eoeeoeo...oeek = hn for some n (A.8)
The basis of each FFT algorithm is to find a relation between the pattern of
e′s and o′s and the value of n that satisfies the previous equation.
Appendix B
Multi bunch coherent modes
In the study of the multi bunch instabilities, as a first step, it is to find
the coherent modes of a system of bunches. In fact the frequency spectrum
of these modes suggests the form of the disturbance used to solve Vlasov
equation. First, let us consider longitudinal coherent beam modes. The
signal at the angular position θ of a single charge, that oscillates in the
external guide field, is a series of nearly periodical impulses delivered at each
passage:
s‖(t, θ) = e
∞∑
k=−∞
δ(t− r − θ
ω0
− 2kpi
ω0
) (B.1)
where r = τˆ cos(ωst+φ0), ωs is the synchrotron frequency, ω0 is the revolution
frequency, φ0 is an initial phase. By exploiting Bessel functions properties
[28] the previous equation becomes:
s‖(t, θ) =
eω0
2pi
∞∑
p,l=−∞
j−lJl(pω0τˆ)e
j(ωplt−pθ+lφ0) (B.2)
in which ωpl = pω0 + lωs. In frequency domain one has:
s‖(ω, θ) =
eω0
2pi
∞∑
p,l=−∞
j−lJl(pω0τˆ)e
−j(pθ−lφ0)δ(ω − ωpl) (B.3)
therefore the actual spectrum of the single particle is a line spectrum at
frequencies ωpl. The longitudinal mode l th is the number of periods of
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phase space density modulation per synchrotron period. The line density
can be seen as a superposition of terms oscillating at l times the synchrotron
frequency. A similar analysis in the case of M bunches stored gives the line
spectrum of the coherent modes in the multi bunch case:
ωnl,p = (p + nM)ω0 + lωs −∞ < p <∞ (B.4)
where the new number mode n is the coupled bunch number indicating the
number of waves of coherent motion per revolution. The number n goes from
0 to M − 1 and is related to the bunch-to-bunch phase shift by 2pin/M . The
theory for longitudinal bunched beam mode interactions contains in addi-
tion a radial number mode q = m,m + 2, . . . which describes an infinity of
orthogonal radial modes with different density variations versus synchrotron
amplitude(=radius). Usually this mode number is not taken in account be-
cause usually only the lowest radial mode is observed, even if, recently, it
was presented the theory of a coupling for the radial modes to explain a
microwave threshold lower than the one predicted by a coupling of the lon-
gitudinal modes l’s.
In the transverse case like in the longitudinal one one has M coupled
bunch modes characterised by the integer number of waves n′ of the coherent
bunch motion along the ring. The within bunch mode number l′ (also called
the head tail number ) is the net number of betatron wavelengths (with sign)
per synchrotron period at a given instant. Unlike the longitudinal number
l the transverse number l′ can assume also negative value or zero. At any
given instant a closed pattern of |l′| betatron periods corresponds to one
synchrotron period with the betatron phase either advancing, for positive
values of l′, or retarding, for negative values, in the direction of advancing
synchrotron phase. The betatron phase pattern in the longitudinal phase
plane appears to rotate either clockwise or counter-clockwise depending upon
the sign of l′. In addition to the number l′ and n′ in transverse space one has
the number of the phase plane periodicity m′ which is the number of periods
of density modulation per betatron period. In general the dipole modes
m′ = 1, with one period of density modulation, are observed. The quadrupole
modes interact very weakly with the vacuum chamber. By taking the Fourier
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transform of the transverse signal like it was made for the longitudinal case
one obtains the line spectrum for the mode (n′, l′, m′):
ωn′l′m′,p′ = (p
′ + n′M)ω0 +m
′ωβ + l
′ωs −∞ < p′ <∞ (B.5)
where ωβ is 2pi times the betatron frequency.
Appendix C
Vlasov equation and static
distortion
A tool to study instabilities by mode analysis is the perturbative method
of the Vlasov equation. If one considers a conservative system of particles
described by the phase space coordinates x and p and Hamiltonian H, one
has the equation:
x˙ = f(x, p, t) =
∂H
∂p
p˙ = g(x, p, t) = −∂H
∂x
. (C.1)
Defining ψ(x, p, t) as the particle distribution in the phase space, one can
derive the Vlasov equation [27]:
∂ψ
∂x
f +
∂ψ
∂p
g +
∂ψ
∂t
= 0 . (C.2)
When the longitudinal wakefields don’t cause collective instability but
only a distortion of the bunch equilibrium shape, in the Vlasov equation it
is necessary to set:
∂ψ
∂s
= 0 . (C.3)
The single particle equations of motions are:
d
ds
τ = −α
c
δ (C.4)
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d
ds
δ = g(τ) (C.5)
where s is the coordinate along the machine, α is the momentum compaction,
δ is the energy spread and τ is the time displacement from the synchronous
particle and g(τ) depends on the physical effects taken into account. If one
considers only longitudinal single bunch wakefields one has:
g(τ) =
ω2sτ
αcc
− e
T0E0
V (τ) (C.6)
where
V (τ) = eL0
∫ ∞
τ
dτ ′n(τ ′)w‖(τ
′ − τ) . (C.7)
Motion equations give the following Vlasov equation (in the static case):
αδ
c
∂ψ
∂τ
− g(τ)∂ψ
∂δ
= 0 (C.8)
The general solution for the distribution is a generic function of the Hamil-
tonian:
H =
δ2
2
+
c
α
∫ τ
0
g(τ ′)dτ ′ (C.9)
where the second term is a potential well term. Really this result is valid
only for protons that maintain the distribution they had at the time of the
injection. In fact for the electrons the synchrotron radiation emission is very
important; this phenomenon is not present in Vlasov equation because it sup-
poses that the instability characteristic times are shorter than the ones of the
radiation effects. Including also this term one has the Fokker-Planck equa-
tion showing that, for the electrons, the exact dependence of the distribution
from the H variable is exponential.
Appendix D
SPIDER input and output files
SPIDER needs two input files. In the file ”general.txt” there are general
information about the machine and the macroparticle model. Table D.1
reports an example of the file ”general.txt”, where the exponential notation
510E6 stands for 510 · 106, Nx has been defined in chapter 6 and the number
of points per wake indicate in how many points wake functions are defined.
In file ”sections.txt” there are information about the sections in which
the lattice is divided. Table D.2 reports the file ”sections.txt” for a lattice
divided in a RF cavity and a longitudinal drift space, where SEC indicates
the section beginning, WYES and WNOT indicate if one wants or not to
consider section vacuum chamber wake, CAVYES and CAVNOT indicate
if the section is a RF cavity or a longitudinal drift space, ”wake1.txt” and
”wake2.txt” are the file names containing wake functions, DIPCSRWYES
and WIGCSRWYES indicate that CSR dipole and wiggler contributions are
requested, CSRMODEL is an integer value indicating which dipole model
one wants to consider.
The output files are ”EPaveragerms.txt”, ”ZPaveragerms.txt”, files con-
taining the longitudinal distributions and the phace space after all the turns
and at the end of each section (”ZP1.txt”, ”EP1.txt” etc. and ”Phaces-
pace1.txt” etc). ”EPaveragerms.txt” (”ZPaveragerms.txt”) contains in the
first column an integer indicating the section number, in the second column
the number of the turn, in the third column the average value of the distri-
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Table D.1: Scheme of the file ”general.txt”
Nominal energy (eV)
510E6
Energy spread
4E-4
Bunch length (mm)
3
Number of macroparticles
150000
Real number of particles
1E9
Number of turns
18000
Number of points per wake
1000
Number of sections
2
Number of bins
100
Nx
100
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Table D.2: Scheme of the file ”sections.txt”
SEC
1
CAVNOT
NUMBER OF BENDING MAGNETS
1
bending radius(m) length(m) pipe half height(mm)
1.4 2.00 26.5
CSRMODEL(1,2,3,4)
2
NUMBER OF WIGGLER MAGNETS
1
wave number(1/m) peak magnetic field(T) length(m)
11 1.8 1.6
R1 (m)
2.15
I2 (1/m)
9.5
I3 (1/m
2)
8.5
I4
0.0
WNOT
wake1.txt
DIPCSRWYES
WIGCSRYES
SEC
2
CAVYES
VOLTAGE AMPLITUDE (V)
2.50E5
VOLTAGE FREQUENCY (Hz)
368.0E6
WYES
wake2.txt
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bution with respect to  (z), in the last column the standard deviation of the
distribution with respect to  (z).
The file ”Phacespace.txt” contains in the first column the coordinate  and
in the second one the coordinate z of all the macroparticles. The longitudinal
distributions are obtained binning the macroparticles distributions: the files
”ZP.txt” (”EP.txt”) contain in the first column the center of the bin and in
the second one the density at the center of the bin.
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